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EXPERIMENTAL AND COMPUTATIONAL STUDY OF AN ULTRASONIC 
ATOMIZER 
Phattharawadee Phanphanit 
Doctor of Philosophy, University of Manchester, 29 April 2011 
Abstract 
A fountain type ultrasonic atomizer was chosen to be a possible device to be used to 
assist in the alleviation of global warming. Atomization of seawater by an ultrasonic 
atomizer will enhance more cloud condensation nuclei; as a result, more UV 
radiation will be reflected back into the space. There are two crucial spray 
characters: droplet size and the number of droplets. The droplet size needs to be in a 
certain size range, so that they can stay in the atmosphere. The number of droplets 
needs to be as high as possible; the more cloud nuclei, the more UV radiation is 
reflected. The characteristics of sprays are affected by many parameters: liquid 
properties and the atomizer design. In this study, we characterized two different 
atomizers: one with a fixed frequency atomizer at 1.72 MHz and one with adjustable 
frequency and voltage atomizer with a calculated resonant frequency of 2.24 MHz. 
In addition for the fixed atomizer, different liquid media: tap water (20° C), hot 
water (46° C), cold water (14° C) and salt waters with different percents salinity (2% 
- 3.5% by volume), were studied. A Phase Doppler Anemometer was used to 
measure the characteristics of sprays: droplet velocity, droplet size and number of 
droplets in a required size range. It was found that the droplet velocity is barely 
affected by the liquid properties and liquid depth except for the hot water. The 
relatively high temperature liquid appears to alter the characteristics of the piezo 
disk; in addition, the inconsistent temperature could vary the characteristics of the 
spray. The droplet size is strongly dependent on liquid properties and frequency of 
vibration. The number of droplets is obviously affected by liquid properties and 
atomizer designs; there is not yet a known correlation between the number of 
droplets and other parameters.  
 
A theoretical study was undertaken in order to compare predicted acoustic properties 
of acoustic waves with the measured number of droplets generated. The 
mathematical model was constructed based on applying boundary conditions to a 
general 2- Dimensional wave equation in cylindrical coordinates. The predicted 
results satisfy the boundary conditions very well. Since we deal with high frequency 
acoustic waves, the number of wave modes used in the prediction is significant. It is 
important to be ensure that all the cut-on wave modes are included otherwise the 
predicted results will not be very accurate. The more modes that are included, the 
more computer storage is required; therefore, the number of modes need to be 
enough to obtain accurate result but not too many to be over the limit of computer 
storage. The high number of modes used also decreases computer speed, increasing 
the running time. The mathematical model was used to predict acoustic properties. It 
was found that the predicted maximum acoustic pressure inside the central small 
region, where the disk is located, has the best correlation with the number of droplets 
for all liquid media and all operating conditions. The mathematical model can only 
predict which operating condition and atomizer design will provide the maximum 
acoustic pressure. As a result, we can optimize the fountain type ultrasonic atomizer 
in order to obtain the best result, suiting each application applied. If the geometry is 
changed, the model is also required to be re-written so that it will predict accurate 
results.
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  Chapter 1 
 
         Introduction 
 
 
 
 
1.1.  Introduction  
 
In this thesis we analyse the performance of ultrasonic atomizers as a means of 
creating small droplets. The ultrasonic atomizers are analysed in two ways. First we 
consider the acoustics waves generated by the diaphragm in the atomizer and how 
they vary as a result of both the atomizer and water characteristics (including depth, 
temperature and salinity). Whilst it is difficult to obtain an accurate prediction of the 
actual number of droplets, which are likely to be produced, we find that the acoustic 
pressure gives a good correlation with the number of droplets. In particular, it can be 
used as a means to obtain the optimal conditions and, as importantly, the sensitivity 
of the number of droplets to the variation in conditions. Secondly, we compare 
predictions with experiments carried out on two atomizers: a commercial atomizer 
and in-house atomizer with the ability to change the frequency. 
 
Our initial aim was to alleviate global warming by atomization of seawater to 
enhance more clouds. As a result, more clouds will reflect more UV radiation back, 
[Latham, 1990]; more details can be found later in this chapter. The ultrasonic 
atomizer was chosen to be the atomization device, [Cooper, 2005 (1)]. Since it is 
easy to obtain and it has a low cost, it also produces fine droplets with low energy 
consumption. Whether used as a means to reduce the effects of global warming or 
 18 
 
 
for some other purpose, it is important for us to be able to understand the 
fundamentals of atomizers and to use that understanding to optimize them to give the 
greatest number of droplets in a given situation. In order to optimize the atomizer, 
we require both experimental and analytical study to complete the research. We will 
start with the basic understand of atomizers. 
 
An atomizer is a device that transforms liquid or other substances into sprays in a 
gaseous atmosphere. It is a very important device in several industrial processes, for 
example, gas turbines, industrial furnaces, wide range of aircraft facilities, coating 
operations, spray drying and also other applications in agriculture, meteorology, and 
medicine. However, in each application, different types of atomizers are used in 
order to maximize the efficiency. This is because each application requires different 
sizes and densities of droplets. Atomizers are classified into four major categories: 
pressure atomizers, rotary atomizers, twin fluids atomizers, and other atomizers. 
Other atomizers include electrostatic and ultrasonic atomizer. The descriptions of 
each type will be mentioned later in this chapter. 
 
There has been much interest in atomizers science, technology and engineering, for 
many decades. Despite this the basic physics of atomizers is still not fully 
understood and so a better understanding is clearly warranted. It is also essential to 
know which type of atomizer is best suited for any given application and how the 
liquid properties and operating conditions affect its efficiency.   This way their spray 
characteristics for a given application can be optimized. 
 
 In this chapter the basic process of the atomization is studied and explained (in the 
next section) and followed by specific details of each atomizers type and their 
applications. Finally the motivation and objectives of the research are laid out in 
sections 1.6 and 1.7 respectively.  
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1.2.  Atomization 
 
Atomization is defined as the disintegration of a liquid into small drops or droplets. 
It can generally occur in nature such as waterfall mists, rains and ocean sprays. It can 
also be found in everyday life, for example hairsprays, perfume and shower heads. In 
addition, it is a process commonly used in several industrial and agricultural 
applications, namely, paint spraying, spray drying, and combustion and chemical 
spray to crops. In this section, the general physics of this phenomenon is described in 
detail in order to better understand the working of atomizers. The atomization 
process can be explained using the surface tension of any internal or an external 
force or a combination of both forces. These forces act on the liquid leading to the 
instability of the liquid surface. When the acting forces overcome the surface tension 
of the liquid, the droplets are disintegrated from the bulk liquid into the surrounding 
gas. Additionally, aerodynamic forces acting on the liquid surface may encourage 
the disintegration of the bulk liquid. Whilst this gives a description of the 
atomization process, the atomized bulk liquid can have various shapes. 
 
1.2.1. Drop Breakup 
The most basic form of atomization is droplet break up. This can occur, for example, 
as a result of the gravity force exceeding the surface tension of a hanging drop 
resulting in a new drop being disintegrated from the original drop. For example in 
the case of the slow emission of liquid from a thin circular tube of diameter d0, the 
size of the drop is given by the following equation, [Lefebvre, 1989]; 
 
 
D = 6d0!
"Lg
# 
$ % 
& 
' ( 
13
                      1. 1 
 
 
where D is drop diameter (m) 
d0 is the tube diameter (m) 
!L is the liquid density (kg/m3) 
"  is the surface tension (N/m) 
g   is gravity (m/s2) 
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Break up of drops can also occur in flowing air, turbulent flow fields and viscous 
flow fields. For each type of drop breakup, the important non-dimensional parameter 
is the Weber Number, which can be used to define when drops will occur. The 
Weber number is defined as a ratio between the aerodynamic force acting on a 
droplet and the surface tension of the liquid forming the droplet as shown in equation 
1.2, [Lefebvre, 1989]. At a critical condition, the critical Weber number, which is 
calculated differently for each type of drop breakup, leads to droplet generation.  
 
 
We = !U
2l
"
                   1. 2 
 
 
where  ! is the liquid density (kg/m3) 
U is the velocity (m/s) 
" is the liquid surface tension (N/m) 
l  is  the characteristic length, typically droplet diameter (m) 
 
1.2.2. Liquid Jet Breakup 
Another type of drop formation occurs from the disintegration of liquid jets. When 
the liquid jet emerges from a device, all the internal and external forces acting on the 
liquid jet results in oscillations on its surface. The same forces cause the oscillations 
to keep growing until their amplitude reaches its critical point, then drops form and 
break away from the jet. This process is called primary atomization and if the drops 
so formed exceed the critical size, they continuously disintegrate into smaller drops: 
secondary atomization. A mathematical study of this phenomenon was done by 
Rayleigh, [Rayleigh, 1878]. He had studied a mathematical analysis for the collapse 
of low velocity jets of non-viscous liquid. All disturbances on a jet with wavelengths 
greater than its circumference will grow and the fastest growth disturbance will 
control the breakup. From Rayleigh’s study, Lefebvre mathematically showed that 
the droplet size is approximately double the diameter of the undisturbed jet, 
[Lefebvre, 1989]. Subsequently Weber extended Rayleigh’s analysis by studying the 
disintegration of viscous liquid jets, [Weber, 1931]. He found that if the initial 
wavelengths are less than some minimum wavelength, the surface tension tends to 
reduce the disturbance. In contrast, if the wavelength is greater than the minimum 
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wavelength, the surface tension tends to increase the disturbance leading to the 
disintegration of the jets. Furthermore, his study suggested that the surrounding air 
flow could reduce the optimum wavelength resulting in more complete 
disintegration.  
 
In a more recent study, Reitz [Reitz, 1978], classified disintegration into four 
regimes depending on the jet velocity as its velocity increases progressively as 
follows: 
 
1. Rayleigh Breakup. This is caused by surface tension inducing the 
growth of oscillations on the jet surface. The drop diameters are 
greater than the jet diameter.  
2. First-wind induced breakup. The relative velocity between the jet and 
surrounding gas, which produce static pressure across the jet, will 
enhance the effect of surface tension and thereby accelerating the 
breakup phenomenon.  The drop diameters are of the same size as the 
jet diameter. 
3. Second-wind induced breakup. The short wavelengths on the jet 
surface grow unstably due to the relative motion of the jet and the 
ambient gas and then break up into fine drops; their sizes are smaller 
than the jet diameter. 
4. Atomization. Unlike second-wind induced breakup, due to high 
Reynolds number, the jet is completely disturbed at the nozzle exit 
and break up into very fine drops whose diameters are significantly 
smaller than the jet diameter. 
 
1.2.3. Liquid Sheet Breakup 
The last type of drop formation is from liquid sheets, the liquid processes through 
one or more tangential slot or is fed to the centre of a rotating disk or cup. Fraser et 
al. defined three modes of sheet disintegration: rim, perforated-sheet and wave 
disintegration, [Fraser et al., 1953].  
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1. Rim. For the first mode, the surface tension forces cause the free edge 
of the liquid sheet to be formed as a thick rim, which then break up 
corresponding to the Rayleigh mechanism of jet breakup.  
2. Perforated-sheet. There are holes generated initially in the sheet and 
they grow rapidly in size until the rims of adjacent holes coalesce to 
produce irregular ligament, which then break up into small drops.  
3. Wave. The disintegration can occur through the generation of a wave 
motion on the sheet. Before the waves propagate to the edge, areas of 
the sheet are torn away and interact with air action, which then 
disintegrate into drops. However, two of the three modes can 
sometimes occur simultaneously.  
 
Since the liquid sheet does not correspond to the atomizer of interest here, their 
detail will not be described here but it can be found in many textbooks on sprays and 
atomizers for example Atomization and Sprays,  [Lefebvre, 1989].  
 
1.3. Atomizers 
 
In the previous section, the fundamental atomization process is explained in order to 
understand its physics better. In this section, the general features of the main types of 
atomizers are described. As already mentioned, the main types are pressure atomizer, 
rotary atomizers, twin fluids atomizers and other types, which are electrostatic 
atomizers and ultrasonic atomizers. 
 
1.3.1. Pressure Atomizers 
The principle of the pressure atomizer is that liquid is sprayed under high pressure 
by converting high pressure into kinetic energy (velocity). The examples of the 
pressure atomizers are plane orifice, pressure-swirl, dual-orifices, and fan spray. 
Pictures of pressure atomizers are illustrated in figs 1.1 and 1.2. 
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1.3.2. Rotary Atomizers 
The basic idea of rotary atomizers is to discharge liquid radially outwards across the 
disk at high velocity from its periphery. Some rotary atomizers apply a cup instead 
of a disk because the cup is smaller and produces more uniform droplet size. The 
advantages of this atomizer type are that independent variations of flow rate and disk 
speed can be applied to rotary atomizers; the rotary atomizer is shown in fig 1.3.  
 
1.3.3. Twin-Fluids Atomizers 
The basic idea is that before liquid is discharged to a stream of air, the gas and liquid 
are mixed within a nozzle. The examples of this atomizer type are air-assist 
atomizers and air blast atomizers. Those two atomizers have similar principle; 
nevertheless, the main difference is that the former use relatively small amount of 
gas flowing at very high velocities, whereas the latter use large quantities of gas 
flowing at much lower velocities, fig 1.4. 
 
 
 
Fig 1. 1 Dual Orifice Atomizer, [Lefebvre, 1989] 
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Fig 1. 2 Fan Spray Nozzle, [Lefebvre, 1989] 
 
 
 
 
 
Fig 1. 3 Rotary Atomizer, [Lefebvre, 1989] 
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Fig 1. 4 Twin Fluid Atomizers, [Lefebvre, 1989] 
 
 
1.3.4. Other types 
 
1.3.4.1. Electrostatic Atomizers 
A liquid jet or film is exposed to an intense electrical pressure that tends to expand 
its area; however, the surface tension force opposes the expansion. As a result, 
droplets are produced when the electrical pressure predominates.  
 
1.3.4.2. Ultrasonic Atomizers 
Generally, ultrasonic atomizers use a piezo ceramic transducer and horn, which 
vibrates at high frequencies. When high frequency sound waves are applied into 
liquid, the droplets are generated. A piezo device may be placed at the bottom of the 
liquid in order to generate high frequency sound waves that propagate upwards into 
the liquid. Then the rarefaction cycle of the acoustic waves will cause cavities, and 
also the liquid over the transducer will generate a wavy layer. If the induced waves 
have high enough energy that can overcome the surface tension of the liquid, then 
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droplets will be ejected from the top of the surface of the liquid. Alternatively, if the 
liquid is fed onto the rapidly vibrating solid surface, then capillary waves are formed. 
When the amplitude of the vibrating surface is increased to a level that the waves are 
unstable and collapse, the liquid will be ejected away from the surface into a mist of 
droplets. The size of the droplets is dependent on the vibration frequency and liquid 
flow rate. Ultrasonic atomizers may have low frequency- between 20 kHz and 100 
kHz-or high frequency-up to 3 MHz. Generally, ultrasonic atomizers can be 
separated into two groups: pulverization with stepped horn and single piezoelectric 
transducer (PZT)-disk as shown in the fig 1.5. 
 
As already mention above, there are several atomizer types; however, only the 
ultrasonic atomizer is of interest in this research. Ultrasonic atomizers have been 
very useful in many applications, for example, medical applications, humidification, 
and combustion and there is also a possible application in helping in solving the 
global warming. In the next section, the main reason for our interest in the ultrasonic 
atomization and its applications will be mentioned.  
 
 
Fig 1. 5 Ultrasonic Atomizer a) with stepped horn b) with single PZT-disk, 
[www.morganelectronics.com, 2006] 
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1.4.  Applications for Ultrasonic Atomizers 
 
In this section, further details of each application for ultrasonic atomizers are 
described. The atomizers are operated at ultrasonic frequencies to produce short 
wavelengths; as a result, the produced droplets can be very small. In addition, the 
droplets are nearly uniform (mono sized) and have significantly lower velocities 
compared to droplets generated from other types of atomizers. Due to these 
properties of the droplets, ultrasonic atomizers are well suited for medical 
applications, also they are widely used in humidification applications and some of 
them can be efficiently used in combustion and spray drying. 
 
1.4.1. Medical Applications 
First we start with the most popular applications for the ultrasonic atomizers, 
medical applications. The ultrasonic atomizers used in medical application are 
commonly called “Ultrasonic nebulizers” which are used to deliver agonists, 
corticosteroids, anti-allergics, anti-cholinergics and anti-viral and mucolyric agents 
to the respiratory tract. Ultrasonic nebulizers are ideal for easing drug inhalation, 
which cannot be formulated into pressurized metered-dose inhalers or dry power 
inhalers. The particular usage for the ultrasonic nebulizer is to nebulise drugs, which 
can be inhaled through a mouthpiece for patients such as the elderly, children and 
patients who have difficulties with other types of inhaler devices. 
 
Generally, ultrasonic nebulizers produce a higher mass output than other type of 
nebulizers; such as air-jet nebulizers, [Taylor et al., 2006]. The high mass output 
increases droplet concentration; as a result, it takes a shorter time for the ultrasonic 
nebulizers to administer a given amount of drug than the air-jet nebulizers.  Another 
advantage is that the ultrasonic nebulizers operate very quietly; and are, therefore, 
suited for all patients. Figure 1.6 shows a picture of one such nebulizer. 
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Fig 1. 6 Schematic Diagram of a Typical Ultrasonic Nebulizer. A) face mask or mouthpiece, B) 
baffles, C) geyser of respiratory solution or suspension, D) piezoelectric, E) internal fan, F) 
battery or electrical source, [Taylor et al., 2006] 
 
1.4.2. Humidification Applications 
In some industries, humidifiers are required in order to keep a room condition stable 
as a requirement for certain processes. Additionally, in furnaces for example, it is 
necessary to use a humidifier so that it can prevent very dry conditions leading to 
damage of the instruments inside the furnace. Not only industries but also domestic 
habitation requires humidifiers in order to make rooms more comfortable. The 
ultrasonic humidifier quietly generates droplets and ejects them as cool fogs to the 
room. Its output can be controlled by a sensor, which detects both room temperature 
and humidity. 
 
1.4.3. Spray Drying 
Spray drying is an important and widely used technology in the pharmaceutical and 
biochemical fields and also in the food industries. Spray drying is the method that 
transforms liquid into a dry particulate form by spraying the liquid into a hot drying 
medium. There are two techniques involved in spray drying; the first technique is 
 29 
 
 
atomization and the second is evaporation. In general, the common types of 
atomizers used in this application are the pressure atomizer, centrifugal atomizer and 
pneumatic atomizer; however, the spray drying process requires uniform drop size 
and homogeneous spray leading to the usage of the ultrasonic atomizer which 
produces more uniform droplets, [Luz et al., 2007]. 
 
1.4.4. Combustion 
Liquid fuel is fed to the atomizer and it is atomized into the combustion engine. 
Ultrasonic atomizers have been used in combustion for many years. The main 
advantage of the ultrasonic atomizer over other types is that it does not require high-
pressure injection; as a result, the fuel supply system can be very simple and easily 
constructed. However, the ultrasonic atomizer cannot handle very high fuel flow rate 
which could stop the atomization process, [Lacas et al., 1993]. 
 
1.4.5. Sonochemistry Applications 
There are many applications of sonochemistry in both industries and laboratories. 
Ultrasound waves can be used to compare samples for biological and chemical 
analysis. Additionally, it can enhance chemical reaction rates, which could happen 
from a large amount of energy released through the mechanism of cavitation by 
ultrasonic waves. Moreover, ultrasonic atomizers can be used in chemical separation 
such as ethanol-water mixtures; thus it can then be an alternative method to 
distillation, [Yano et al., 2006 and 2007]. 
 
1.4.6. Global Warming  
As we know, global warming is one of the most important problems that the world is 
facing today. It has been an issue that many scientists and researchers have tried to 
solve. The solutions will need to either reduce the causes of global warming or 
decrease the overall global temperature. There are many methods proposed in order 
to solve the problem, for example, the reduction of greenhouse gas, the deflection of 
sunlight by mirrors or the enhancement of cloud in order to reflect more UV 
radiation, [Latham, 1990]. For the latter method, ultrasonic atomizers are considered 
as a possible device that could enhance the formation of cloud cover. This was the 
initial interest of our research where we would investigate and study the 
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characteristic of the ultrasonic atomizers. Also we would try to improve their 
efficiency in order to be used as a possible device in alleviation global warming. 
Further details of how the ultrasonic atomizer could help in alleviating global 
warming is presented in the next section. 
 
1.5. Global Warming 
 
In this section, an explanation of global warming and potential methods to reduce the 
effects of global warming are presented. We start with a brief description of global 
warming, what causes the global warming, its effects on us: effect on the ecosystem 
and an impact on glaciers and sea level. Also possible strategies for reducing the 
effects of global warming are presented for example, store carbon dioxide 
underground, deflect sunlight with a mirror and enhance cloud to reflect sunlight, 
[www.popsci.com, 2006]. 
 
1.5.1. What is Global Warming 
The most serious problem that the world is facing now is “Global Warming or The 
Greenhouse Effect”, [King, 2004]. It means that the Earth is gradually heating up; 
the average temperature of the Earth’s atmosphere and oceans is increasing. The 
major cause of global warming is from human activities such as industry and 
transportation. In fact, the greenhouse effect is a natural phenomenon that keeps the 
Earth’s average temperature at approximately 60° F or 15° C because it keeps all the 
Earth’s heat from escaping to the outer atmosphere. If there is no greenhouse effect, 
the Earth’s average temperature will be much lower than it is now; the global 
temperature would be -18° C, as a result, no life would be able to exist on the earth, 
[www.science.org.au, 2006].  
 
The greenhouse effect is caused by gases acting as a heat trap in the lower 
atmosphere and also re-radiating the heat backward to the Earth as shown in fig 1.7. 
The amount of incoming solar radiation passing through the atmosphere is 343 watt 
per m2. Most of this radiation is absorbed by the Earth’s surface; the amount of 
absorbed solar radiation is about 168 watt per m2 while the difference is reflected by 
the Earth’s surface. The absorbed radiation is converted into heat causing the 
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emission of longwave radiation (infrared) back to the atmosphere. Some of the 
reflecting solar radiation and emitted infrared radiation passes through the 
atmosphere, and some is absorbed and re-emitted in all direction by greenhouse gas 
molecules; as a result, the Earth’s surface gain more heat and then the Earth and the 
troposphere are warmed up. 
 
 
Fig 1. 7 The Greenhouse Effect, [www.solcomhouse.com, 2006] 
 
 
 Fig 1. 8 Temperature Change in Last 400000 years, [Petit et al., 1999] 
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As can be seen from fig 1.8, over the last 400,000 years the Earth’s climate has been 
unstable, with oscillating temperatures. It suggests that the climate may be very 
sensitive to internal or external climate forcing and feedback. However, the figure 
shows that the fluctuations decreased and the climate stabilized during the last 
10,000 years. Between 1860 and 1900, the global temperature increased by 0.75° C. 
Fig 1.9   below shows that the departure from a long-term mean has increased over 
last two decades by 0.75° C, and this trend is still growing. Since 1979, the 
temperature of land has increased by double of the temperature of the ocean (0.25° 
C/decade against 0.13° C/decade). Since the industrial revolution (1840-1900), more 
greenhouse gases have been generated; concentrations of carbon dioxide have 
increased nearly 30%, methane concentrations have more than doubled, and nitrous 
oxide concentrations have risen by 15%. As a result, more heat is trapped and 
reflected back from the layer of greenhouse gases to the Earth. As a result, the global 
temperature has increased 0.5-1° C during this period. One degree does not look like 
much; however, it is a big jump in a single century because it can cause many 
problems to the climate such as rising tides, shrinking glaciers, melting permafrost 
and shifts in plant and animal habitats. Many scientists predicted that the global 
temperature could increase 0.6-2.5° C in the next century, this is going to be a very 
serious problem. The year 2005 was the warmest year in over a century according to 
NASA scientists studying temperature data from around the world. Previously, the 
warmest year was 1998 because, with a strong El nino warm water in the Pacific 
ocean added warmth to the global temperature. Although the global temperature of 
year 2005 was lower than the global temperature of year 1998, the temperature in 
year 2005 has come up to the temperature level of year 1998 without the help of the 
El nino. The five warmest years over the last century can be stacked up as followed; 
the warmest was 2005 then 1998, 2002, 2003, and 2004.  
 
 33 
 
 
 
Fig 1. 9 Global Temperature Change (1880-2000), [NCDC, National Climate Data centre, 2001] 
 
1.5.2. Causes of Global Warming 
A major cause of global warming (as agreed by the majority of scientists), as already 
mentioned, is from human activities, in fact, it is caused by both human (industry 
and transportation) and non-human (solar activity and volcanic emission). The 
human activities lead to generating more greenhouse gases from burning fossil fuel. 
All these greenhouse gases result in a thicker layer of them in the lower atmosphere; 
therefore, the greenhouse gas layer will reflect and absorb more longwave radiation, 
causing an increase in global temperature. For non-human activity, the more solar 
radiation passing to the Earth’s surface, the higher temperature increases. Thus, if the 
incoming solar radiation can be decreased, then the global temperature will not 
increase or may even stabilize. Table 1.1 illustrates the greenhouse gases and their 
concentrations, their sources, their global warming potential (GWP) and also the 
proportion of total effect. 
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Greenhouse 
Gases 
 
Concentration 
1800s-2000 
 
Anthropogenic sources 
 
GWP 
Proportion of total 
Effect 
(Approximate) 
Carbon Dioxide 280-370 ppm Fossil fuel burning, 
Deforestation 
1 60% 
Methane 0.75-1.75 ppm Agriculture, 
fuel leakage 
21 20% 
Halocarbons 0-0.7 ppb Refrigerants 3400 14% 
Nitrous Oxide 275-310 ppb Agriculture, combustion 310 6% 
Ozone 15-30 ppb Urban pollution 0.25  
Table 1. 1 Greenhouse Gases and their Properties; Nuclear Issues Briefing Paper 24 Jan 2003 
 
From Table 1.1, carbon dioxide has the highest percentage (60%) of the proportion 
of total effect on the environment followed by methane (20%), halocarbons (14%), 
and nitrous oxide (6%), respectively. Fossil fuel burning and deforestation are the 
major sources of carbon dioxide; deforestation technically reduces the absorption of 
CO2 by trees rather than creating more CO2.  The sources of methane are from 
agriculture and fuel leakage and halocarbons are from refrigerants. Agriculture also 
causes the production of nitrous oxide by combustion. Lastly the ozone is mainly 
from urban pollution. 
 
The reason why many scientists have tried to solve the problem of global warming is 
that it can affect both the environment and human life. The effects included sea level 
rise, impacts on agriculture, reduction in the ozone layer, increased intensity and 
frequency of extreme weather events, and the spread of disease. Some examples of 
the effects of the global warming will be explained more in the next paragraphs.   
 
1.5.3. Effects of Global Warming 
1.5.3.1. Effect on the Ecosystem 
Global warming can also affect the ecosystem. When the temperature increases, 
some species of animals may be forced out of their habitats while others may 
flourish because conditions were changed. Many arctic species will be especially 
affected because of the melting of ice sheets and also many species living on low 
land near the sea can be affected by the rising sea level. 
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1.5.3.2. Impact on Glaciers and Sea Level 
Global warming causes an imbalance in glacier mass resulting in glacier retreat 
around the world; about 142 of the 144 mountain glaciers have declined according to 
records from 1900 to 1980. Another record from NASA has shown that glaciers 
along the southeastern coast of Greenland are thinning by more than 1 meter a year. 
The IPCC (intergovernmental Panel on Climate Change) has released a prediction of 
an effect of sea level rising up of 1 m. It can cause a loss of 12% to 15% agriculture 
land in Egypt and also 16% of national rice production in Bangladesh and tens of 
thousands of hectares of agriculture land in China, [www.solcomhouse.com]. 
 
1.5.4. Solutions for Global Warming 
Since carbon dioxide has played an important role, being one of the major 
greenhouse gases, many scientists have tried to reduce the amount present in the 
atmosphere. There have been several methods proposed to reduce the amount of 
carbon dioxide gas in the atmosphere. However, there are some interesting more 
method proposed in order to solve the global warming without concerning carbon 
dioxide. 
 
1.5.4.1. Store Carbon Dioxide Underground 
This method was aimed to store and trap carbon dioxide underground and also use 
the high-pressure gas to drive oil from the porous rock in the oil reservoirs to the 
surface. However, there is still a problem because it is very expensive to capture, 
compress and transport carbon dioxide gas. 
 
1.5.4.2. Filter Carbon Dioxide from the Air 
This method proposes the use of large filters, trapping carbon dioxide molecules as 
they drift past in the wind, chemicals binding with carbon dioxide; sodium hydroxide 
or calcium hydroxide would be pumped through the porous filters, and then carbon 
dioxide gas would be stripped from the binding chemicals. The chemicals can be 
used again while the carbon dioxide gas will be prepared for disposal. This method 
requires a device about the size of a large plasma-screen television. However, there 
is an argument saying that to capture all the carbon dioxide being added by human, a 
filter roughly the size of Arizona would be needed. 
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1.5.4.3. Turn Carbon Dioxide to Stone 
The Grand Canyon, the largest carbon dioxide repositioning on earth lead to the 
method of turning carbon dioxide to stone. Hundreds of millions of years ago, the 
sea covered the Grand Canyon and the seawater, rich in carbon dioxide, reacted with 
other chemicals resulting in calcium carbonate or limestone. However, the process of 
turning carbon dioxide to stone is very slow, in order to speed up the process, it 
would be required to use very huge quantities of other substances to increase the 
speeding process and the carbon dioxide must be heated to high temperature. 
 
All the mentioned methods correspond to a decrease of carbon dioxide, however; 
there are other methods that can be used to solve the problem of global warming, for 
example, deflecting sunlight with a mirror and enhancing clouds to reflect sunlight. 
 
1.5.4.4. Deflect Sunlight with a Mirror 
This method does not involve capturing carbon dioxide but it is to deflect sunlight by 
positioning a giant space mirror between the Earth and the Sun. To produce the 
mirror, physicists suggest using a mesh of aluminium threads that are only a 
millionth of a 254 mm in diameter. It does not only block the incoming sunlight but 
also filters some of the incoming infrared radiation reaching the Earth.  
 
1.5.4.5. Enhance Clouds to Reflect Sunlight 
This is another method not involving capturing carbon dioxide that it has nearly the 
same strategy as deflecting sunlight with the mirror. However, the difference is that 
it will enhance clouds over the ocean to reflect and filtering more sunlight. The 
principle of this method is to seed the atmosphere with salt particles, these act as 
nuclei for water droplet formation, therefore it causes the clouds becoming whiter 
and more reflective to sunlight. This method was interesting and lead to the 
investigation of this research. Thus, more information is mentioned in the next 
paragraph. 
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1.6.  Enhance Cloud Condensation Nuclei by Atomization of Sea 
Water  
 
The idea that global warming can be controlled by means of atomizing sea water was 
proposed by Professor John Latham, an Emeritus Professor of UMIST, now based at 
the National Centre for Atmosphere Research in Colorado, USA. He suggested that 
clouds could be used as   natural heat shields which when injected with salt reflect 
more sunlight and therefore protect against the greenhouse effect. This idea is based 
on the number of naturally occurring droplets in the lower atmosphere, especially 
over the oceans, can be increased by artificially increasing the number of smaller 
droplets, this would lead to an increase in cloud albedo - the ratio of the reflected 
(scattered) solar radiation to the incident solar radiation measured above the 
atmosphere - because the overall droplet surface area is enhanced, and can also 
increase cloud longevity because normal cloud dispersion by means of droplet 
coalescence is slowed down. Surprisingly, the required number of droplets in 
suitable regions is small and an annual increase of the droplet rate by 1018 drops per 
second per km2 would allow the rate of rise of carbon dioxide to continue without 
temperature rise. If the sprayed droplets were done from 500 new sources each year, 
using seawater spraying one-micron drops, the water mass from each source would 
be only one kilogram of seawater per second. This method not only increases the 
amount of heat reflecting back into space, creating a cooling effect but it also inhibits 
the formation of drizzle, which means that clouds last longer, more heat is reflected, 
and the cooling effect lasts longer. Another idea developed by Professor Stephen 
Salter, an Emeritus Professor of Engineering Design at the University of Edinburgh, 
was to outfit a number of ships with four 60-foot-tall Flettner rotors. When an 
electric motor causes the rotors to turn they will cause a pressure differential, 
generating forward thrust. Then an impeller would blast a fine salt-water mist into 
the air. However, in order to mitigate global warming, 5000 to 30000 ships are 
required, [Salter et al., 2008].  
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A more efficient device to generate the droplets would be an ultrasonic atomizer; 
however, the size of droplet is crucial, too large and they fall back to the surface of 
the sea, too small and they evaporate completely, a diameter range of 0.6 - 1.7 µm 
would be the ideal, [Latham, 2005]. The most suitable type of ultrasonic atomizer for 
this purpose would appear to be a vibrating high frequency piezo electric crystal; 
however, there appears to be very little work undertaken to date on the actual range 
of droplets produced by such a device. 
 
1.7.  Objectives 
 
An alleviation of global warming problem was proposed to be done by atomization 
of seawater and then the salt crystal in droplets act as cloud condensation nucleus. 
As a result, there will be more clouds, which can reflect more UV radiation. 
Therefore, the higher number of cloud condensation nuclei, the more UV radiation is 
reflected back. The ultrasonic atomizer is chosen to be an atomization device as it 
produces tiny droplets with low energy consumption and also it is very easy to 
obtain at low cost. Therefore our objective is to characterize the spray generated by 
the atomizer. Also we would like to optimize the atomizer in order to obtain 
maximum number of droplets in a required size range. The droplet size can be 
approximately predicted by existing empirical equation, [Lang, 1962]. However, 
there is a non-empirical theorem that can be used to predict the number of droplets 
generated by this type of ultrasonic atomizers.  
 
To predict the number of droplets produced from the ultrasonic atomizer, we require 
a mathematical model in order to predict the acoustic properties. Then we can relate 
these acoustic properties to the number of droplets generated. To ensure that the 
mathematical model well predicts the acoustic properties, we required the 
experimental data so that we can compare them with the predicted results. Therefore 
both analytical study and experimental study are necessary in this research. Various 
types of liquid media and operating conditions are required for an investigation. If 
the mathematical model is proved to be acceptable in a sense of boundary condition 
satisfaction and good agreement with the experimental data, we finally can use it to 
optimize the ultrasonic atomizer in order to obtain maximum number of droplets. 
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This could be very useful for all relevant applications, including the alleviation of 
global warming problem. The structure of our thesis is briefly explained in the next 
section. 
 
1.8.  Thesis Structure 
 
Our initial aim of alleviating the global warming encouraged us to characterize the 
spray from the ultrasonic atomizer. In addition, the optimization of the ultrasonic 
atomizer is required in order to obtain the maximum number of droplets generated in 
a required size range. The fundamentals of ultrasonic atomization: the mechanism of 
ultrasonic atomization, the parameters affecting the spray and the basic understand 
of acoustic wave, are presented in chapter 2. 
 
In chapter 3, we construct the mathematical model by starting from the general wave 
equation and then we apply boundary conditions. In chapter 4 we illustrate the 
predicted results and show that they satisfy all boundary conditions. Additionally, 
the flow characteristic is also discussed. 
 
In order to prove how well the mathematical model predicts the result, we require 
some experiments, atomization of various liquid media. We study the characteristics 
of the spray, especially the number of droplets generated because there is no other 
study relating this characteristic to other parameters. The description of the 
experiments and the experimental results are presented in chapters 5 and 6, 
respectively.  
 
Lastly, the comparisons between the predicted acoustic properties and the number of 
droplets are illustrated and discussed in chapter 7. We also give a suggestion on the 
future work of both analytical and experimental study for the ultrasonic atomizer in 
chapter 8. 
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Chapter 2  
 
Theoretical Background  
and Literature Review 
 
 
 
 
2.1. Introduction 
 
In the previous chapter, general atomizers and atomization were briefly described 
together with the major reasons for our interest in ultrasonic atomizers. Ultrasonic 
atomizers have been proposed as a possible solution to the problem of global 
warming independent of the debate on carbon dioxide emissions, [Cooper, 2005]. 
However, if this is to become a reality it is necessary to improve the ultrasonic 
atomizer efficiency. Additionally, the theoretical model is required so that the 
characteristics of the spray can be predicted. Therefore, we need to understand basic 
workings of ultrasonic atomizers and the acoustic waves generated by the ultrasonic 
vibration of the piezo ceramic disk. We also need to study the fundamentals of the 
acoustic wave equations in order to derive a theoretical model, which can then 
predict the characteristics of the spray. Thus, in this chapter, the fundamental of 
Ultrasonic atomizers and their mechanism are explained, including the vibration of 
the disk.  To do this we need to explore the operation of the disk as a sound source 
and the propagation of the sound waves produced by it in a variety of geometries.  
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In this chapter we present basic acoustic theory so we can build on it in the following 
chapter to create an acoustic model which describes the characteristics of the spray 
from the ultrasonic atomizer in the given operating conditions, with particular 
reference to the geometries used in our experiments. 
 
Nomenclature 
a  Acceleration scale (m/s2) 
ac  Acceleration threshold (m/s2) 
aamp Maximum amplitude of vibration 
(m) 
c Cavitation factor 
 
c  Speed of sound (m/s) 
f  Surface wave frequency (Hz) 
fs Resonance frequency (Hz) 
h Thickness (m) 
 
jmn'  Zero root of 
 
Jn' (x)  
m Radial wave mode  
n Circumferential wave mode 
p Total pressure (Pa) 
p’ Acoustic pressure (Pa) 
 
p Mean pressure (Pa) 
r Radius (m) 
ro Outer radius (m) 
t time (s) 
u Total velocity (m/s) 
u’ Acoustic velocity (m/s) 
 
u Mean velocity (m/s) 
w(t) Amplitude of vibration 
An, Bn, Cn, Dn, En, Fn Constant 
coefficients of each wave mode 
D Droplet diameter (m) 
Dc Droplet diameter from cavitation 
(m) 
D10 Arithmetic mean diameter 
(m) 
D20 Surface mean diameter (m) 
D30 Volume mean diameter 
(m) 
D32 Sauter mean diameter (m) 
DO Minimum diameter (m) 
Dm Maximum diameter (m) 
 
D  Mean diameter (m) 
 
Dng Number geometric mean 
diameter (m) 
 
Dsg  Surface geometric mean 
diameter (m) 
 
Dvg  Volume geometric mean 
diameter (m) 
F  Excitation frequency (Hz)  
Jn(r) Bessel function of the first 
kind 
N  Number of droplets 
 
N3D  Thickness frequency 
constant (Hz#m) 
Q  Volume fraction 
R  Gas constant (J/(mol#K)) 
Rd  Disk radius (m) 
R(r) Solution function of radius 
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Sg  Geometric standard deviation 
Sn Standard deviation 
T Temperature (K) 
T(t) Solution function of time 
        
       Yn(r) Bessel function of the  
second kind 
Z(z) Solution function of axial 
distance 
 
Greek symbols 
$ Wavelength (m) 
" Surface tension (N/m) 
% Adiabatic index 
! Density (kg/m3) 
& Droplet ejection rate 
' Angular frequency (Hz) 
( Kinematic viscosity (m2/s) 
)mn Axial wave number 
 
!(")  Solution function of angle 
 
2.2. Ultrasonic Atomizers and Atomization 
 
Ultrasonic atomizers can be referred to as vibration atomizers because the vibrating 
surface oscillates with an ultrasonic frequency. The vibrating surface generates 
sound waves propagating in the liquid medium. As a result, very fine and uniform 
droplets are produced from the bulk liquid. The ultrasonic atomizer can be classified 
into three different types, [Abramov, 1998], which are presented next in section 
2.2.1. Following this, section 2.2.2 describes previous studies of ultrasonic 
atomization mechanisms. 
 
2.2.1. Ultrasonic Atomizers 
As already mentioned, the ultrasonic atomizers can be classified into three different 
types as follows. 
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2.2.1.1. Thin Liquid Film 
The thin liquid film is fed spreading over the vibrating surface and the droplets are 
formed on the liquid surface as shown in fig 2.1. 
 
 
Fig 2. 1 Ultrasonic Atomization from Thin Liquid Film, [Abramov, 1998] 
 
 
2.2.1.2. Fountain 
The ultrasonic fountain occurs when the ultrasonic megahertz vibration is supplied to 
an amount of liquid. The droplets then are generated from the fountain surface. This 
is shown in fig 2.2. 
 
 
Fig 2. 2 Ultrasonic Atomization from Fountain, [Taylor et al., 2006] 
 
h- Liquid film thickness 
$- Wavelength 
*- Amplitude of vibration 
1- Vibrating disk 
2- Liquid film 
3- Spray 
 44 
 
 
2.2.1.3. Jet 
The final type of atomizer is a jet type, which is different from the first two types 
since the ultrasonic vibrating gas jet is injected directly into the liquid stream. The 
gas jet can cause atomization of liquid as shown in fig 2.3. 
 
 
Fig 2. 3 Ultrasonic Atomization from Jet, [Abramov, 1998] 
 
 
2.2.2. Mechanism of Atomization 
The mechanism for ultrasonic atomization has been debated for many decades but it 
is still not clearly understood. There are three hypotheses. First the capillary waves 
hypothesis, secondly the cavitation hypothesis and finally a hypothesis that combines 
the capillary wave and cavitation mechanisms. Previous research on these three 
mechanisms is described in this section. 
 
2.2.2.1. Capillary Waves 
The first fog formation from the ultrasonic fountain and the thin liquid film was 
observed by Wood and Loomis. [Wood et al., 1927]. The first hypothesis, which is 
believed to be one of the mechanisms of the ultrasonic atomization, is the capillary 
waves hypothesis. Standing waves are induced in the liquid by a vibrating surface 
that oscillates vertically to the liquid surface at ultrasonic frequencies; these waves 
are called capillary waves as shown in fig 2.4.  
 
 
3- Spray 
5- Vibrating gas jet with 
pressure amplitude Pm 
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Fig 2. 4 Capillary Waves, [Sarkovic et al., 2003] 
 
 
When acoustic waves, generated from vibrating solid, travel up to the surface, they 
cause the surface to move up and down. The acoustic waves separate into two 
directions, where the energy and momentum are conserved between surface motion 
and the surface acoustic waves. This is called the parametric decay, which is the 
phenomenon that one wave decays into waves where both the energy and 
momentum are conserved. As a result, capillary waves are formed on the liquid 
surface and this phenomenon is called the parametric decay of acoustic waves, [Sato 
et al., 2001]. The capillary waves on the liquid surface gain energy from the acoustic 
waves until their amplitudes grow and overcome the critical amplitude at which 
point droplets are formed and disintegrate from each apex of the capillary waves, 
[Liu, 1981]. The droplets start to be formed when the waves amplitude exceed the 
threshold amplitude, [Taylor et al., 1997]. Once the atomization begins, the capillary 
waves no longer grow, and the ultrasonic energy is continuously consumed in the 
ultrasonic atomization. 
 
Lang, [Lang, 1962] tried to prove if the capillary waves do play a major role in the 
process of ultrasonic atomization. He found that the disturbances have occurred on 
the liquid surface and they were uniform patterns of crossed capillary waves. 
Additionally, he showed that the surface waves were equal to one half of the 
excitation frequency corresponding to Kelvin’s equation, equation 2.1.  
 
 
!3 = 2"# /$f 2                                    2. 1 
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where $ is the wavelenght (m) 
          "  is the liquid surface tension (N/m) 
          !  is the liquid density (kg/m3 ) 
          f   is the surface wave frequency  (Hz) 
 
Lang found a strong correlation between the droplet size and the capillary 
wavelength and thus concluded that they do play a major role in the process.  Based 
upon this correlation, Lang obtained the following empirical formula for the droplet 
size: 
 
 
D = 0.34 8!" /#F 2( )
1
3                                   2. 2 
 
 
where  D is the droplet diameter (m) 
" is the liquid surface tension (N/m) 
! is the liquid density  (kg/m3) 
F is the excitation frequency (Hz) 
 
Perskin et al., [Perskin et al., 1963], used a stability analysis of the hydrodynamic 
equation, Mathieu’s equation, to analyse the correlation between the capillary waves 
and droplets and to give a theoretical theory for the mechanism. Their study yields 
the relationship between droplet size, frequency applied and fluid properties and 
agrees well with the experimental study of Lang, [Lang, 1962]. 
 
The droplet ejection rate is experimentally derived from power law by using a 
number of different liquid types in the experiments, [Goodridge et al., 1997 and 
1999]. The droplets generated by using an electrodynamics shaker with various 
acceleration scales. They chose to present the result of silicone oil as shown in fig 
2.5. 
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Fig 2. 5  The Droplet Ejection Rate against Acceleration Scale of Silicone Oil, [Goodridge et al., 
1997] 
 
 
The experimentally derive power law for the droplet ejection rate is  
 
 
! = 0.039"2.8                                     2. 3 
 
Where  
 
 
 
!= a " ac( ) /ac                          2. 4 
 
 
a  is the acceleration scale and 
 
ac  is the acceleration threshold. They presented his 
empirical equation of acceleration threshold for low viscous liquids in equation 2.5, 
 
 
 
ac = 0.261(! /")
1
3#
4
3                                   2. 5 
 
 
where  ' is angular frequency (Hz) and for viscous liquid in equation 2.6 
 
 
 
ac = 1.306(!)
1
2"
3
2                      2. 6 
 
where 
 
!  is the kinematic viscosity (cm2/s) 
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Although droplets generated from ultrasonic atomizers are known to give the most 
uniform droplets compared to those generated from other types of atomization; in 
reality, non-uniform droplets can also be produced from the ultrasonic atomizers. Al-
Suleimani et al., [Al-Suleimani et al., 1999], and Yule et al., [Yule et al., 2000], 
observed that the standing wave pattern before atomization becomes disorganized 
during atomization. The disordered standing wave may include irregularity caused 
by the rapid backflow of wave crests from which droplets have formed. The rapid 
asymmetric liquid flow back into the surrounding wave cells resulting in different 
size of droplets generated next. They also confirmed the irregularity that was 
observed by using VOF CFD model to predict droplet formation and their simulation 
showed a rapid growth of relative disorder, which corresponds to the experimental 
observation.  
 
A coupling between capillary and acoustic waves has been investigated by 
Giovannini et al., [Giovannini et al., 1994], since the propagating acoustic waves on 
fountain jet surface behave like a capillary waves. Moreover, they did the energetical 
analysis by assuming that the droplets are formed only if the capillary waves 
amplitude at the jet surface is greater than the droplet radius. In their conclusion, for 
the ultrasonic fountain atomization process, the energy required can be separated as 
follows: 
 
• Energy required forming droplets. 
• Energy in capillary waves. 
• Energy required forming the fountain. 
 
However, the total energy to maintain the jet and form the drops is very low 
compared to the power supplied in his experiment; therefore, there must be some 
energy loses in the process, which has not yet been studied. 
 
 
 
 
 
 49 
 
 
2.2.2.2. Cavitation 
The second hypothesis for the mechanism of the ultrasonic atomization that has been 
proposed is cavitation as shown in fig 2.6. In general, cavitation is the formation of a 
gas bubble. If sound waves are generated in a liquid, when they propagate through 
the liquid, regions of compression and expansion are alternately formed. As a result 
during the negative pressure phase, gas or bubbles and cavities can be formed when 
the bubbles travel through the rarefaction cycle, they expand themselves, which 
leads to a reduction in the pressure inside them. A drop in pressure below the value 
of the volume rupture strength of the liquid will lead to an unlimited growth and 
consequently the formation of a cavity inside the bubble. If the bubble does not grow 
until it reaches a critical point, it will then reduce its size whilst travelling through 
the compression cycle. The growth and shrinkage of the bubbles depends on the 
frequency of acoustic waves. In the compression cycle, the positive pressure can lead 
to an implosion of the bubbles and cavities, prior to their collapse; their pressure can 
be several times higher than atmospheric pressure. Therefore, at the instant of the 
collapse, powerful hydraulic shocks can occur, which lead to the disintegration of 
drops, [Babikov, 1960]. 
 
 
Fig 2. 6 Cavitation causes Atomization of Droplets, [Taylor et al., 2006] 
 
Sollner [Sollner, 1936] studied the formation of fogs generated by ultrasonic waves 
and concluded that fog was produced in the previous experimental studies [Bondy et 
al., 1935 and Sollner et al., 1936] was due to the same mechanism, cavitation, which 
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can result in an emulsification under some conditions, He observed that emulsion is 
only obtained when the conditions are such that cavities are not only generated but 
also collapse. Due to cavitation effect, in normal condition, he discovered the rupture 
of the liquid surface. He could not find any rupture when the cavitation is ineffective 
such as when it was tested in vacuum, leading to a lack of outside pressure. 
Experimental support is provided by Gershenzon et al., [Gershenzon et al., 1964]; 
they investigated the cavitation by placing a stretched thin strip of aluminium foil 
edgewise on the side of the ultrasonic fountain surface at various distances. They 
determined the cavitation zone by the extent of the damage to the foil.  The 
maximum damage to the foil was observed in the region of the most intense fog 
formation, i.e., the lower part of the fountain jet. Even though his conclusion 
supports the hypothesis that there is cavitation present in ultrasonic atomization, it 
did not confirm that the cavitation is the cause of ultrasonic atomization but it might 
cause the rupture on the liquid surface (capillary surface waves). A few years later, 
Bogulavskii et al., [Bogulavskii et al., 1969], followed the idea of Sollner. They 
proposed that the collapse of cavity bubbles create the hydraulic shock wave, 
causing vigorous oscillation on the jet surface. They imaged the pictures of a 
fountain jet and observed the illumination from cavity bubbles. They found that the 
illumination of the cavitation nucleus occurs and vanishes, clearly due to cessation of 
the cavitation zone. Yet they observed the capillary waves on the fountain jet 
surface. As a result, it leads to another mechanism, which is the combination of both 
capillary waves and cavitation mechanisms, which we will explain in the next 
section. Basset et al., [Basset et al., 1976], imaged the pictures of fountain jet in their 
experiment. They found that the disappearance of cavity bubbles gave rise to a 
number of droplets. Additionally, before the droplets generated, they found that the 
surface oscillates, leading to droplet production. 
 
Recently, ultrasonic atomization has been applied more in the separation of mixtures 
such as alcohol-water mixtures. Since the cavity bubbles have played an important 
role in the separation, [Suzuki et al., 2006, Avvaru et al., 2005]; this could confirm 
cavitation is one of the three possible mechanisms in ultrasonic atomization. 
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There are many studies, which insist that cavitation has an important role in 
ultrasonic atomization, generating either a splash or drop or capillary waves on the 
liquid surface leading to disintegration of the droplets. However, increasing 
frequencies of excitation might retard the formation of cavitation. If the frequency 
increases, the production of cavitation bubbles become more difficult to achieve due 
to the period of time for the rarefaction cycle decreasing, which is shorter than the 
period of time required in the formation of cavity bubbles, [Mason et al., 1988, 
Chiba, 1975]. As a result, we ignored cavitation in our study because we investigated 
ultrasonic atomizer with relatively high frequencies. 
 
2.2.2.3. Combination of Capillary Wave and Cavitation 
Although both aforementioned mechanisms are believed to be the nature of 
ultrasonic atomization, no one has yet proved which mechanism is the one that 
originates the droplets. Due to several studies of both mechanisms, [Bogulavskii et 
al., 1969], they proposed a hypothesis, which combines the first two mechanisms. At 
first their hypothesis was that the cavity bubbles collapse and generate shock waves 
exciting the rupture on the liquid surface (capillary waves). The drops are generated 
on the basis of the capillary wave mechanism. In contrast, Perron [Perron, 1967] had 
experimentally found that the drops having a size corresponding to theoretical 
analysis were generated from capillary waves; the remaining droplets with a wide 
distribution of larger diameters were produced by cavitation. He suggested that both 
mechanisms play important roles in droplet production and simultaneously generate 
droplets by different mechanisms. A more recent study, [Sarkovic et al., 2002 (1)], 
reported that cavitation is one additional physical effect in the origination of 
droplets, unlike the study of Perron, cavitation tends to contribute to smaller 
droplets. They also expressed an equation of droplets generated by cavitation on the 
basis of capillary waves as follows: 
 
 
Dc = cD                       2. 7 
 
Where c is the cavitation factor, which can be obtained experimentally, and D is 
droplet diameter based on capillary waves and is given by Lang, [Lang, 1962]; 
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D = 0.34 8!" /#F 2( )
1
3                                    2. 8 
 
  
Boguslawakii et al., [Bogulavskii et al., 1969], experimentally studied the generation 
of droplets, as mentioned in section 2.2.2.2., they concluded that the periodic 
hydraulic shocks generated by collapsing cavity bubbles caused the surface to start 
oscillating. Then micro bubble clouds travel upwards in the fountain and collapse 
generating a large number of mists and fogs, they called this hypothesis a 
“conjunction theory”. 
 
Topp et al., [Topp et al., 1972], confirmed this hypothesis by illustrating the picture 
of cavitation and capillary waves in ultrasonic atomization as shown in fig 2.7. It 
could support Bogulavskii’s hypothesis as it can be seen that cavitation bubbles were 
found in the region of capillary waves on the surface. Therefore, cavitation might 
cause the capillary waves. 
 
 
Fig 2. 7 Cavitation Bubbles on the Capillary Surface Waves, [Topp et al., 1972] 
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2.2.3. Characteristics of Spray 
Sprays generated from different types of atomizers have different characteristics; 
each spray type will have a unique character suiting their applications. However, the 
most important characteristics of sprays are droplet diameter and drop size 
distribution. There are many types of droplet diameter, which can be defined in 
different ways depending on how we obtain them, and this droplet diameter can lead 
numerically to drop size distribution. 
 
2.2.3.1. Factors Influence Spray 
There are several factors, which influence the characteristics of sprays: liquid 
properties, operating and ambient conditions. These factors can affect either the 
droplet size or acoustic waves generated from vibrating disks. The drop size is 
governed by Lang’s equation, [Lang, 1962] as shown in equation 2.2. Drop size is 
mainly affected by density, surface tension of the liquid and the excitation 
frequency. In addition to the excitation frequency, other factors relating to the 
operating conditions, such as apparatus dimensions, also have a major effect on drop 
formation and size.  For extreme ambient conditions, the ambient temperature and 
pressure might affect the characteristics of the sprays. However, for our study, the 
ambient conditions are close to standard conditions as our experiments are 
performed in open air and our main object is to atomize water into the atmosphere. 
Thus the ambient conditions are unimportant in our study.  The three parameters: ", 
! and F, in equation 2.2 seemed to be the only factors affecting the drop sizes. Other 
factors beyond these might alter other characteristics: the number of droplets 
generated and droplet velocity. In this section, the factors affecting the sprays are 
presented along with the supporting evidence. They are separated into two major 
categories: liquid properties and operating condition. 
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2.2.3.1.1. Liquid Properties 
The spray characteristics of most atomizers are strongly influenced by the liquid 
properties: density, surface tension and viscosity. In reality, it is hard to change one 
of the liquid properties without altering the other properties. Therefore, the 
relationship of these properties needs to be taken into account. Even though the 
density is one of the parameter that could affect the droplet size in Lang’s equation, 
we can ignore the effects of fluid density of the sprays because it has fairly small 
effect compared to other properties, [Lefebvre, 1989]. Unlike the density, surface 
tension and viscosity tend to increase the amount of energy required to atomize the 
spray. Therefore, we are more interested in the surface tension and viscosity. 
 
Surface Tension and Viscosity 
The surface tension of the liquid is important in atomization because it represents the 
force resisting the formation of new drops. The minimum force required for 
atomization is that which is needed to overcome the surface tension force. From 
Lang’s equation, equation 2.2, the droplet size increased, as the surface tension of 
the liquid is increases. The surface tension was theoretical studied by Sarkovic et al., 
[Sarkovic et al., 2002 (2)]. They used different types of liquids, which have different 
value of the surface tension as shown in table 2.1. They concluded that the surface 
tension has more effect than the density, as the empirical droplet sizes are 
proportional to the surface tension. 
 
Liquid Density 
(kg/m3) 
Surface Tension 
(mN/m) 
Water 1000  73 
Glycerine 1200 64 
Ethanol 790 20 
Castor oil 900 35 
Table 2. 1 Liquid Properties used in Sarkovic’s Study, [Sarkovic et al., 2002] 
 
 
 
 
 
 
 55 
 
 
McCallion et al., [McCallion et al., 1995], did experiments to investigate the effect 
of viscosity on the mass median diameter of drops by testing several types of liquids 
in an ultrasonic nebuliser. The result is shown in Table 2.2. It was concluded that the 
mass median diameter is proportional to the viscosity. However, the corresponding 
surface tension is shown also in the same table, table 2.2, and it shows that the mass 
mean diameter is not proportional to the surface tension. The work was extended by 
focusing on the surface tension by adding surfactants to the liquids, [McCallion et 
al., 1996]. The results are shown in table 2.3 and this time again the diameter still did 
not follow the relation from Lang’s equation, equation 2.2. In conclusion, it indicates 
that the viscosity has a stronger effect than surface tension.  
 
Fluid 
Viscosity 
(mN/m2 per s) 
Surface tension 
(mN/m) 
MMD(µ m) Output (%) 
Water 1.00 72.8 4.5 68.3 
Ethanol 1.19 24.1 4.7 92.7 
Glycerol 10% 1.31 72.9 4.4 45.7 
Glycerol 20% 1.92 72.54 4.5 26.5 
Glycerol 25% 2.09 72.21 4.7 19.6 
Glycerol 30% 2.74 71.73 4.8 15.8 
Glycerol 35% 3.36 71.32 5.3 12.6 
Glycerol 40% 4.09 70.61 5.6 8.6 
Glycerol 45% 4.94 70.35 6.1 8.2 
P.glycol 10% 1.50 62 4.6 65.3 
P.glycol 30% 3.00 52 4.7 19.1 
P.glycol 40% 4.32 47.65 4.7 12.6 
P.glycol 45% 5.09 46.00 5.0 12.0 
P.glycol 50% 6.50 45.00 5.6 8.9 
S.F. 200/0.65cs 0.49 15.90 2.8 96.8 
S.F. 200/1cs 0.82 17.40 2.9 93.5 
S.F 200/1+5cs 2.45 18.25 4.1 37.5 
S.F. 2005cs 4.60 19.70 4.8 1.5 
Table 2. 2 The Mass Median Diameter of Various Liquid Types and their Properties, 
[MaCallion et al., 1995] 
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Fluid Surface tension (mN/m) 
MMD 
(µ m) Output (%) 
Water 72.80 4.73 69.8 
SLS 0.0001% 65.70 4.83 68.0 
SLS 0.001% 60.60 4.97 63.0 
SLS 0.01% 56.00 4.32 68.7 
SLS 0.1% 43.80 4.31 71.9 
SLS 1.0% 37.10 4.28 76.1 
T80 0.0001% 65.17 4.43 68.0 
T80 0.001% 55.56 4.48 63.5 
T80 0.01% 50.54 4.86 63.0 
T80 0.1% 45.27 4.96 73.1 
T80 1.0% 43.20 4.73 75.0 
T20 0.0001% 66.90 4.47 69.8 
T20 0.001% 60.56 4.68 70.1 
T20 0.01% 48.44 5.01 64.9 
T20 0.1% 42.40 5.33 61.8 
T20 1.0% 39.60 4.58 69.2 
S85 0.0001% 56.90 4.67 72.4 
S85 0.001% 50.90 4.69 69.8 
S85 0.01% 35.40 4.74 66.7 
S85 0.1% 32.50 5.09 68.6 
S85 1.0% 31.80 5.95 47.1 
Table 2. 3 The Mass Median Diameter for Various Percentages of Surfactants, [Mccallion et al., 
1996] 
 
In a contradictory study, Sindayihebura et al., [Sindayihebura et al., 1997], studied 
the effect of the viscosity and surface tension on the Sauter Mean Diameter for thin 
liquid film ultrasonic atomization. They presented their results in figs 2.8 and 2.9, 
respectively. They concluded that the viscosity is insignificant and the droplet size is 
proportional to the surface tension.  
 
 
Fig 2. 8  Sauter Mean Diameter against Liquid Viscosity, [Sindayhebura et al., 1997] 
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Fig 2. 9 Sauter Mean Diameter against Liquid Surface Tension, [Sindayhebura et al., 1997] 
 
Dobre et al., [Dobre et al., 1999], studied the effects of viscosity and surface tension 
on liquid surface waves, which correspond to the droplet size. They studied several 
mixtures of water-methanol and water-glycerol with an ultrasonic atomizer. Their 
result is shown in Table 2.4. They concluded that when surface tension is increased, 
the surface wavelength is also increased. 
 
Mixture 
- Mass 
fraction- 
Viscosity 
(103 kg/ms) 
Surface tension 
(10-3 N/m) 
Density 
(kg/m3) 
$ c(Calculated) 
(µ m) 
$(Measured) 
(µ m) 
Water 1.00 72.75 1000 91.7 105.6 
10% 
Methanol 1.33 59.04 981 70.1 106.6 
16% 
Methanol 1.50 53.97 972 86.1 106.0 
30% 
Methanol 1.79 43.02 951 71.4 104.4 
47% 
Methanol 1.80 36.08 921 83.9 103.2 
64% 
Methanol 1.50 31.84 885 72.8 98.0 
72% 
Methanol 1.32 29.41 866 78.4 102.6 
`81% 
Methanol 1.10 27.04 843 74.8 94.0 
15% 
Glycerol 1.49 72.67 1033 90.7 112.0 
21% 
Glycerol 1.80 72.36 1048 90.2 114.0 
Table 2. 4 Wavelength of Liquids with Various Viscosities, [Dobre et al., 1999] 
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In a more recent study, [Avvaru et al., 2005], they studied the effects of the viscosity 
on the droplet size by atomizing different concentrations of aqueous glycerine 
solution from the ultrasonic atomizer of a Vibra Cell. Their results show that the 
droplet size is inversely proportional to the viscosity. This contradicts McCallion’s 
study; they explained that as the viscosity increased, liquid is more difficult to 
atomize. Therefore, it takes longer, leading to a rise in the temperature of the liquid. 
If the temperature increases, the viscosity decreases and the liquid can be atomized 
at some critical viscosity. In conclusion, the droplet size becomes nearly independent 
of the viscosity beyond a critical viscosity.   
 
Not only the effects of viscosity on the droplet size but also the effects on 
atomization rate has been investigated, [Kurosawa et al., 1997]. They experimentally 
studied the effects of the viscosity on the rate of atomization with very high 
frequency (48 MHz). Fig 2.10 shows their results of three different liquids: ethanol, 
water and olive oil whose properties are shown in table 2.5. They conclude that the 
lower the viscosity, the higher the rate of atomization.   
 
 
Fig 2. 10 Atomizing Rate against Driving Voltage for Three Different Liquids; Ethanol, Water 
and Olive oil, [Kurosawa et al., 1997] 
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  Ethanol Water Olive oil 
Viscosity (cP) 25° C 1.1 0.9 80 
Surface Tension (N/m) 20° C 22.3 72.8 32 
Table 2. 5 Characteristics of the Liquids, [Kurosawa et al., 1997] 
 
In conclusion from these previous studies, not only the surface tension but also the 
viscosity can affect the droplet size and the atomization rate as can be seen in the 
tables and figures. Although the aforementioned properties of the liquids affect the 
droplet size, the acoustic waves are affected by other properties such as temperature 
and pressure. If the acoustic wave properties are changed, it leads to changes in the 
characteristic of the spray, for example, droplet velocity and the number of droplets 
generated. The acoustic properties are very sensitive; therefore, it is very important 
to study the effects of the liquid properties on the acoustic waves, which will be 
discussed later.  
 
2.2.3.1.2. Operating Conditions 
The operating condition factors are dimensions of the atomizer and the container, 
frequency and amplitude of vibration, power supplied and also the liquid depth. 
There have been many studies, [Kurosawa et al., 1997, Sindayihebura et al., 1995, 
1997, Sarkovic et al., 2003, Barreras et al., 2002, Lozano et al., 2003, Dobre et al., 
2002, Cooper et al., 2005], studied the effects of operating conditions on the 
ultrasonic spray. The operating condition factors that we explain here are frequency, 
voltage supplied, dimensions of atomizer and liquid depth.  
 
Frequency 
From Lang’s equation, equation 2.2, the only factor in this category that influences 
the droplet size is the excitation frequency of the vibration disk. The excitation 
frequency is inversely proportional to the droplet size; therefore, when the frequency 
increases, the droplet size decreases. Sindayihebura et al., [Sindayihebura et al., 
1995], investigated the effect of the four different excitation frequencies of the 
ultrasonic atomizer on the surface wavelength. They found that his experiments did 
agree with Lang’s study. In a later paper, [Sindayihebura et al., 1997], they 
combined the work of several previous studies to produce a graph of mean diameter 
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against excitation frequency. All studies had come up with the same results that in a 
lower ultrasonic frequency range; the drop size decreases as the frequency increases. 
 
The work of Kurosawa et al. studied the ultrasonic atomization of water by a surface 
acoustic atomizer. Their result is shown in fig 2.11. There were two different high 
ultrasonic frequencies shown in the plot: 9.6 MHz and 48 MHz. As can be seen, the 
experimental data follows the theoretical trend well.  In particular the higher the 
frequency, the smaller are the droplets, [Kurosawa et al., 1997]. Sarkovic et al., 
[Sarkovic et al., 2003], also studied the excitation frequency of an ultrasonic 
atomizer in the low frequency range of 10-1000 kHz. The result is illustrated in fig 
2.12, and shows a good agreement with the previous study, [Lang, 1962]. 
 
 
Fig 2. 11 Mean Diameters against Frequency, [Kurosawa et al., 1997] 
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Fig 2. 12 Diameter against Frequency, [Sarkovic et al., 2003] 
 
 
Voltage Supplied 
Even though the droplet size is empirically independent of the supplied voltage as 
seen in Lang’s equation, equation 2.2, the atomization rate depends on it. Kurosawa 
et al., [Kurosawa et al., 1997], studied not only the effects of the frequency of 
vibration on the characteristics of the spray for the surface acoustic waves atomizer 
with a frequency of 9.6 MHz but also the effects of supplied voltage. Their result 
shows that the voltage has a strong effect on the atomization rate. The atomization 
rate is proportional to the voltage, as can be seen in fig 2.10. Barreras et al., 
[Barreras et al., 2002], and Lozano et al., [Lozano et al., 2003], additionally confirm 
the effect of the voltage on the sprays by their experiments using a water ultrasonic 
atomizer with a frequency in the MHz range. Their results clearly show that the 
atomization rate is proportional to the voltage, fig 2.13 and Lozano et al.’s result in 
fig 2.14, strongly supports the idea that the atomization rate is dependent on the 
supplied voltage. In addition, their results for droplet size against the supplied 
voltage are shown in figs 2.15 and 2.16. The droplet size trends for all types of mean 
diameters seem to be constant except for the Dv0.5. However, the trends slightly 
decrease when the higher voltage is supplied, especially for the arithmetic mean 
diameter, D10. 
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Fig 2. 13 Flow Rate against Voltage, [Barreras et al., 2002] 
 
 
 
Fig 2. 14 Flow Rate against Voltage, [Lozano et al., 2003] 
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Fig 2. 15 Droplet Size against Voltage, [Barreras et al., 2002] 
 
 
Fig 2. 16 Droplet Size against Voltage, [Lozano et al., 2003] 
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Dimensions of Atomizers 
In the previous study, [Dobre et al., 2002], they showed that the dimension of the 
atomizers affects the drop size distribution. They had investigated ultrasonic spray 
devices by measuring the drop size distribution from various sizes of atomizer and 
the vibration disk. Experimentally, they showed that an increase in the atomizer size 
tends to obtain a low quality spray with an increased mean droplet diameter and a 
broader distribution. In contrast, if only the resonance surface area is increased, the 
mean diameter is not affected but the spray distribution tends to be narrower. 
 
Depth of Atomized Liquid 
Cooper et al., [Cooper et al., 2005 (2)], investigated the characteristic of water 
ultrasonic spray from an ultrasonic atomizer. The liquid depth was varied and the 
droplets size was measured by Phase Doppler Anemometer. It was found that the 
maximum number of droplets in the required size range was generated at a water 
depth of 30 mm above the atomizer disk. However, the droplets mean diameter was 
not affected by the depth.  
 
The majority of the previous research was interested in the factors that influence the 
droplets size and the drop size distribution but there is no research studying the 
factors that affect the number of droplets generated in the required size range. 
Therefore, we will concentrate more on this issue, which will be discussed in a later 
chapter. 
 
2.2.3.2. Drop Size 
To analyse the characteristics of sprays, the most important parameter is mean 
diameter; however, there are several significant mean diameter parameters. The most 
common mean diameter is D10  
 
   
 
D10 =
D(dN /dD)dD
D0
Dm
!
(dN /dD)dD
D0
Dm
!
                      2. 9     
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There are some other mean diameters as follows: 
 
Surface mean:  
 
D20 =
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Do
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Volume mean:     
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In general, 
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Where  D is drop diameter (m) 
Dm is maximum drop diameter (m) 
Do is minimum drop diameter (m) 
N is number of drops 
 
D10 is the linear average value of all the drops in the spray. Furthermore, D30 is the 
diameter of a drop whose volume, if multiplied by number of drops, equals the total 
volume of the sample; D32 (SMD) is the diameter of the drop whose ratio of volume 
to surface area is the same as that of the entire spray; otherwise it can be defined, 
[Lefebvre, 1989], as follows: 
 
 
D32 =
NiDi3!
Ni! Di2
                            2. 13 
 
     
 66 
 
 
Where N is the number of droplets 
 D is diameter of droplets 
 
The following table 2.6 illustrates the mean diameter and their application. 
 
a b a+b 
(order) 
Symbol Name of mean 
diameter 
Expression Application 
1 0 1 D10 Length 
 
NiDi!
Ni!
 Comparisons 
2 0 2 D20 Surface area 
 
NiDi2!
Ni!
" 
# $ 
% 
& ' 
12
 
Surface area 
controlling 
3 0 3 D30 Volume 
 
NiDi3!
Ni!
" 
# $ 
% 
& ' 
13
 
Volume 
controlling, 
e.g. hydrology 
2 1 3 D21 
Surface area-
length 
 
NiDi2!
NiDi!
 Absorption 
3 1 4 D31 Volume-length 
 
NiDi3!
Ni!
" 
# $ 
% 
& ' 
12
 
Evaporation, 
molecular 
diffusion 
3 2 5 D32 Sauter (SMD) 
 
NiDi3!
Ni! Di2
 
Mass transfer, 
reaction 
4 3 7 D43 
De Brouckere 
or Herdan 
 
NiDi4!
Ni! Di3
 
Combustion 
equilibrium 
Table 2. 6 Mean Diameters and their Applications, [Lefebvre, 1989] 
 
2.2.3.3. Drop Size Distribution 
Although the drop sizes required differ for different applications, most applications 
require uniform droplets. Therefore, it is important to acquire the drop size 
distribution in order to know the spread in the drop size distribution. This way we 
can hope to improve the atomization process to obtain a smaller spread on the 
droplet size distribution. A complete drop size distribution can also include an 
account of the size of each particle. Even though the diameters of every single drop 
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could be available, a list of the diameter of thousands of drops would be very 
complicated. To simplify, all drop diameters are classified into discrete intervals. 
The size distribution can also be described by using its cumulative distribution, 
which is defined as the concentration of droplets that are smaller than or equal to the 
considered size. The cumulative distribution is a plot of integral of the frequency of 
droplets, and it could represent the percentage of the total number of drops in each 
size range. The drop size distribution can be done by plotting a histogram of drop 
size as shown in fig 2.17 a), each ordinate representing the number of drop whose 
sizes fall into a range of diameter between  and , where D is 
the diameter of drops. It can also be shown as a frequency curve instead of a 
histogram as shown in fig 2.17 b).  
 
 
Fig 2. 17  (a) Histograms and (b) Frequency Distribution Curves of Droplet Sizes based on 
Number and Volume, [Liu, 1981] 
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As can be seen, the drop size distribution can be done not only by the number of 
droplets but also the surface and the volume of the sprays corresponding to each 
range of drop size. The surface and the volume distribution always shift to the right 
of the number distribution in both histograms and frequency curve.  
 
In this section, various methods for modelling drop size distributions are presented. 
The drop size distribution can be classified into two major categories: mathematical 
distribution function and empirical distribution function. For the first group, several 
researchers, [Yasuda et al., 2005, Donelly et al., 2005, Mugele et al., 1951] tried to 
replace the actual drop size distribution with a mathematical expression. For the 
latter group, the drop size distribution model is based on not only the theory but also 
the experimental data, [Semiao et al., 1996, Li et al., 1987, 1988, Hedrich et al., 
2006, Ramakrishnan, 2000]. 
 
The practical drop size distribution model should provide a satisfactory fit to the 
drop size experimental data. It should also give a capability of extrapolation to drop 
size outside the range of measured data. In reality, there is no single drop size 
distribution, which can represent all the drop size data. It is usually necessary to try 
several types of size distribution functions in order to find the one that could give the 
best fit to any given experimental data.  
 
2.2.3.3.1. Mathematical Distribution Functions 
There are three common mathematical distribution presented here: normal 
distribution, log normal distribution and upper limit distribution. All of them are 
based on any given drop size and very simple to use.  
 
2.2.3.3.1.1. Normal Distribution 
Normal distribution function is usually expressed in terms of a number distribution 
function, f (D), which is in a percentage of total number of drop and it is given by 
Liu, [Liu, 1981]: 
 
 
f D( ) = 12! Sn
exp " 12Sn2
D" D( )2# 
$ 
% 
& 
' 
(                               2. 14 
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Where D is a droplet diameter 
 
D is mean diameter 
Sn is a measure of the values of D from mean value 
 
D 
 
2.2.3.3.1.2. Log Normal Distribution 
Log normal distribution is normally expressed in terms of both number and volume 
distributions. It was modified from the normal distribution and has a form as 
follows: 
 
 
f D( ) = 12!DSg
exp " 12Sg2
D" Dng( )2# 
$ 
% 
& 
' 
(                 2. 15 
 
 
Where   D is a droplet diameter 
 
 
Dng  is the number geometric mean drop size  
   Sg is the geometric standard deviation 
 
The log normal distribution function can also be written for surface and volume 
distribution, [Seinfeld, 1986] 
Surface: 
 
 
f D2( ) = 12!DSg
exp " 12Sg2
D" Dsg( )2# 
$ 
% 
& 
' 
(               2. 16 
 
Where 
 
Dsg is the surface geometric mean drop size 
 
Volume: 
 
f D3( ) = 12!DSg
exp " 12Sg2
D" Dvg( )2# 
$ 
% 
& 
' 
(                           2. 17
              
 
Where 
 
Dvg is the volume geometric mean drop size 
 
 
Dsg  and 
 
Dvgcan be obtained in terms of the number geometric diameter as in 
equations; 
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Surface: 
 
lnDsg = lnDng + 2Sg2                  2. 18 
 
Volume: 
 
lnDvg = lnDng + 3Sg2                            2. 19 
 
  
2.2.3.3.1.3. Upper Limit Distribution 
The upper limit distribution is a modification of the log normal in which a maximum 
drop size is introduced. It is normally written in terms of volume distribution and has 
a form as follows, [Babinsky et al., 2002]: 
 
 
f D3( ) = !Dmax
"D Dmax # D( )
exp #! 2 ln aDDmax # D
$ 
% & 
' 
( ) 
2* 
+ 
, 
, 
- 
. 
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4 
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                             2. 20 
 
 
Where 
 
a = DmaxD   and   
 
! =
1
2Sg
 
 
 D is droplet diameter 
Dmax is maximum droplet size 
 Sg is the geometric standard deviation 
  
2.2.3.3.2. Empirical Distribution Functions 
Several empirical distribution functions are proposed in order to express the 
distribution of drop size in a spray. There is no particular function better than others. 
It depends on which drop size distribution will fit any given experimental data. 
There are three classical empirical distribution functions; Nukiyama and Tanasawa, 
Rosin Rammler and Modified Rosin Rammler, [Babinsky et al., 2002]. 
 
2.2.3.3.2.1. Nukiyama and Tanasawa Distribution Function 
This distribution function was proposed by Nukiyama and Tanasawa in order to 
described the number distribution of drops in sprays from a pneumatic atomizers. It 
is expressed as follows: 
 
 
f D( ) = aD2 exp! bD( )q                2. 21 
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Where D is droplet diameter 
 a, b and q are independent constants 
 
a is a normalizing constant and b and q are normally assumed values. Then the 
model drop size distribution is obtained by variation of b and q until the model 
distribution fits the experimental data. The example of Nukiyama and Tanasawa 
distribution plot is shown in fig 2.18 with various values of b and q. 
 
 
Fig 2. 18 Predicted Droplet Size Distribution by Nukiyama & Tanasawa, [Babinsky et al., 2002] 
 
2.2.3.3.2.2. Rosin Rammler Distribution 
The droplet size distribution was introduced by Rosin and Rammler for powder 
characterization, [Lefebvre, 1989]. It is now the most widely used expression, which 
is shown as follows: 
 
 
Q = 1! exp! DD
" 
# 
$ 
% 
q
                  2. 22 
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Where  D  is droplet diameter 
 
 
D is mean of the distribution 
 Q  is the fraction of the total volume contained in drops of diameter less than   
D 
 q   is a constant value 
 
The Rosin Rammler distribution function in equation 2.22 represents the cumulative 
volume distribution of sprays. However, it can be also expressed in the normal 
volume distribution, [Babinsky et al., 2002]. 
 
 
f D3( ) = qD!qDq!1 exp ! DD
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# 
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The typical Rosin Rammler distributions are plotted with various value of q and 
shown in fig 2.19. 
 
 
Fig 2. 19 Predicted Droplet Size Distribution by Rosin-Rammler, [Babinsky et al., 2002] 
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2.2.3.3.2.3. Modified Rosin Rammler Distribution 
Even though the Rosin Rammler distribution provides an adequate data fit for most 
of drop size range, it tends to give a deviation to the experimental data for the large 
drops. Lefebvre [Lefebvre, 1989] rewrote the equations 2.22 and 2.23 in the forms: 
 
Cumulative Distribution; 
 
 
Q = 1! exp ! lnDlnD
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Normal Volume Distribution; 
 
 
f D3( ) = q lnD( )
q!1
D lnD( )q
exp ! lnDlnD
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2.2.4. Vibration Disk (Piezo Ceramic Disk) 
In this section, the principles of piezo ceramics is presented and followed by the 
common types of vibrating disk. 
 
2.2.4.1. Principles of Piezo Ceramic Disks 
If certain crystals are subjected to mechanical strain, they became electrically 
polarized. These materials also deform when they are exposed to an electric field, 
this is called the piezo electric effect. Besides the crystals, an important group of 
piezo material are piezo electric ceramics, for example Lead Zirconate Titanate 
(PZT), a polycrystalline ferroelectric materials with a perovskite crystal structure - a 
tetragonal structure very close to cubic, this is the material used in this current work. 
The resonance frequency of the disk depends on the dimensions of the piezo disk 
and it can be calculated from equation 2.26  
 
 
fs =
N3D
h                     2. 26 
 
      
Where 
 
N3D  is know as the thickness frequency constant given by the manufacturers. 
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Fig 2. 20 Generator and Motor Actions of a Piezoelectric Element, [www.americanpiezo.com, 
2006] 
 
There are two actions of mechanical operation of piezo electric ceramics: generator 
action and motor action. After the piezo electric ceramic is polarized, it will have a 
poling voltage as in fig 2.20 (a). For generator action - converting mechanical energy 
into electrical energy – compression along the direction of polarization or tension 
perpendicular to the direction of polarization, generates voltage of the same polarity 
as the poling voltage as shown in fig 2.20 (b) and (c). On the other hand, tension 
along the direction of polarization or compress perpendicular to the direction of 
polarization, generates voltage opposite the poling voltage. Motor action is to 
convert electrical energy into mechanical energy. If a voltage of the same polarity as 
the poling voltage is applied to a ceramic element, in the direction of the poling 
voltage, the element will be lengthened and the diameter will become smaller. On 
the other hand, it will be compressed and its diameter will become larger if a voltage 
of polarity opposite that of the poling voltage is applied as shown in fig 2.20 (d) and 
(e). This latter method is the one used to turn a Piezo Ceramic Disk into an atomizer. 
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2.2.4.2. Characteristics of Vibrations for Circular Disk 
For circular disks, there are two common types of vibration; piston and clamped 
edge disk. For the piston vibration, the whole disk surface moves with the same 
amplitude in either vertical or horizontal direction. Its amplitude of vibration is given 
as following equation based on a sinusoidal wave: 
 
 
w(t) = aampei!t                     2. 27 
 
where  aamp is the maximum amplitude of vibration (m) 
 !     is the angular frequency (Hz) 
 t       is time (s) 
 
When the disk oscillates, it generates acoustic plane waves travelling through the 
liquid. However, in our study, the more realistic type is the clamped edge disk, 
which causes a movement of cosine shape of the disk surface. The movement of the 
disk surface is assumed to be axi-symmetric; therefore, the displacement is governed 
by the following equation, [Borisenko, 1971, Gorman et al., 2001, 2005 and Morse 
et al., 1986]. 
 
 
Wmn r,t( ) = AmnJn !m,nr( )ei"t                             2. 28 
 
where   m is the radial mode shape of vibration 
  n is the circumferential mode 
 A is the constant coefficient depending on m and n 
 Jm is Bessel function of the first kind 
 "m,n is the roots of the equation 
 r is the radius 
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2.3.  Acoustics 
 
Acoustic is very important to our study because it is the major part of the droplets 
generation. The vibrating disk generates acoustic waves, which travel to the liquid 
surface, leading to surface capillary waves. The most important thing is that the 
properties of acoustic waves are very sensitive to surrounding factors; therefore, we 
really need to understand the physics of them. Then we can build a model in order to 
predict the acoustic properties, which could relate to the characteristics of the sprays. 
In this section, we therefore explain briefly the fundamentals of acoustics, acoustic 
waves, the wave equation and solutions of the wave equation. 
 
2.3.1. Fundamentals of Acoustics 
Acoustics is the science of sound and deals with the origin of sound and its 
propagation either in free space or pipes or in a closed space. First of all, we explain 
the generation of sound. In general, there are four sources of sound: turbulence, 
viscous drag, entropy, and vibration, [Lighthill, 1952]. In our research the source of 
sound is a moving solid body (a disk) of the atomizer; therefore, we consider the 
generation of sound by a vibrating body only. Fig 2.21 illustrates a radiation of 
sound from a moving body.  
 
Fig 2. 21 A Radiation of Sound from a Moving Body, [Kuttruff, 2007] 
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The moving body is drawn as a black solid line, when it moves from left to right as 
shown in the top part of fig 2.21, it will press some of the air in front of it together. 
When the moving body moves in reverse direction, it then sucks some of the air with 
it; as a result, there is an expansion of the air in front of it as in the middle part. A 
change in density of air will change air pressure and the compressed air tends to 
transfer its high pressure to the surrounding air. Likewise, the decompressed air 
tends to exert the surrounding pressure to increase its pressure. Finally, the 
compressed and decompressed air will detach from the moving body and travel into 
the resting air. This is so called sound waves propagating in the medium, which is air 
in this case. The sound waves can travel in various mediums; gases and liquids, but 
they cannot propagate without the medium such as in vacuum. They propagate with 
different speeds depending on the medium in which they travel through; as a result 
of this, the acoustic properties will be also different depending upon the type of 
medium, and they can be altered by any kind of obstacles and external factors. 
 
2.3.1.1. Basic Relation in Acoustics 
In this section we now consider how the acoustic variables relate to each other. For 
sound waves, we typically use the density, !, velocity, u, and pressure, P, as the 
variables. In practice, sound waves are very small fluctuations. To linearize wave 
equations, first we separate these variables to the mean part and fluctuation part as 
follows: 
 
 
p = p + p'
u = u + u'
! = ! + !'                     
2. 29 
 
 
where the over bar represents the mean and the prime represents the fluctuation. 
Since the fluctuations are usually small, we could ignore the product of fluctuations. 
Then we derive the 1 Dimensional wave equation for the control volume as shown in 
fig 2.22 by using a coupling of momentum equation and conservation of mass 
because the medium needs to satisfy both of them. 
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Fig 2. 22 Control Volume for 1 – Dimensional Wave Equation 
 
2.3.1.1.1. Acoustic Wave Equation  
First we start with 1-Dimensional acoustic properties in Cartesian coordinate for an 
inviscid still liquid; therefore we can neglect the terms including the mean velocity. 
From fig 2.22, the state of medium depends only on one space, X. The length and the 
cross-sectional area of the considered volume are denoted by dx and ds, respectively. 
In order to derive the acoustic equation, we need to consider the momentum equation 
and the conservation of mass applying to the control volume. The conservation of 
momentum will be applied first and followed by the conservation of mass. 
 
Momentum Equation 
The linearized 1-Dimensional momentum equation for an inviscid still liquid is 
governed by 
 
 
!
"u'
"t = #
"p'
"x                              
2. 30 
 
Conservation of Mass 
Now we consider mass flow rate entering and leaving the control volume. The net 
mass flow rate needs to be equal to the change of mass inside the volume respecting 
to time. The linearized 1-Dimensional continuity equation is governed by 
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!"'
!t + "
!u'
!x = 0                               2. 31  
 
We note that the acoustic velocity appears in both equations, we then couple these 
two equations by elimination of the acoustic velocity. First we spatially differentiate 
the momentum equation, and secondly take the time derivative of the continuity 
equation and subtracting. This leads to: 
 
 
! 2"'
!t 2 =
! 2p'
!x 2
                           
2. 32 
 
 
In equation 2.32, there are two acoustic variables, and we would like only one 
variable. Then we simply relate these two variables for an inviscid liquid (reversible 
process). Since the sound speed is very high, there is no time for heat transfer 
(adiabatic process), which is then considered as isentropic process. Therefore, we 
obtain the relation as follows: 
 
 
!p
!"
=
p'
"'                                        
2. 33 
 
 
We substitute equation 2.33 into equation 2.32, then we can obtain: 
 
 
! 2"'
!t 2 #
!p
!"
$ 
% & 
' 
( ) 
! 2"'
!x 2 = 0                2. 34 
 
We require the isentropic form because the liquid is inviscid and there is no time for 
heat transfer. Therefore, speed of sound for this condition is: 
  
 
c 2 = !p
!"
# 
$ % 
& 
' ( adiabatic process                            
2. 35 
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From thermodynamics, the speed of sound for isentropic process is given as follows: 
 
 
c 2 = !p
!"
# 
$ % 
& 
' ( ad
= )RT
                              
2. 36 
 
Therefore, we end up with the equation for a 1-Dimensional sound wave as follows: 
 
 
! 2"'
!t 2 # c
2 ! 2"'
!x 2 = 0                2. 37 
 
The differential equation above is known as the acoustic wave equation; all acoustic 
properties must satisfy this equation. This is the acoustic equation for one dimension 
only; however, in reality, the acoustic waves are 3 Dimensional. Therefore, we also 
need to consider the other two components of the space, Y and Z. Then the acoustic 
wave equation for three dimensions can be written as follows: 
 
 
! 2"'
!t 2 # c
2 ! 2"'
!x 2 +
! 2"'
!y 2 +
! 2"'
!z2
$ 
% & 
' 
( ) 
= 0
                         
2. 38 
 
Equation 2.38 is a general 3-Dimensional wave equation in Cartesian coordinate and 
can be also expressed in cylindrical coordinate. It is more convenient to consider the 
wave equation in the cylindrical coordinate because our ultrasonic atomizer has a 
cylindrical shape and it has a circular disk as a vibrating solid. Not only the atomizer 
but also the container is a cylinder; therefore, in the next two sections we present the 
acoustic wave in the cylindrical coordinate and its general solution, respectively. 
 
2.3.1.1.2. Acoustic Wave Equation in Cylindrical Coordinates 
In this section we derive the 3-Dimensional wave equation in the cylindrical co-
ordinate by using the same principle as we used in deriving the acoustic wave in the 
Cartesian co-ordinate. We illustrate a new picture of the control volume, fig 2.23, 
[Dupere, 2009]. 
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Fig 2. 23 Control Volume for 3 –Dimensional Wave Equation in Cylindrical Coordinates, 
[Dupere, 2009] 
 
Again we first start with the momentum equation and follow by the continuity 
equation. 
 
Momentum Equation 
Similar to the Cartesian co-ordinate, the 3-Dimensional momentum equation for 
cylindrical coordinate is governed by 
 
 
!
"u'
"t = #
"p'
"z ez +
1
r
"p'
"$
e$ +
"p'
"r er
% 
& ' 
( 
) *                    
2. 39 
 
 
Conservation of Mass 
The 3-Dimensional continuity equation is governed by 
  
 
!"'
!t + "
!u'z
!z +
1
r
! ru'r( )
!r +
1
r
! u'#( )
!#
$ 
% & 
' 
( ) 
= 0                        2. 40 
 
Similar to Cartesian co-ordinate, we differentiate the continuity equation respect to 
time and take spatial differential of equation 2.39. Then we couple these equations 
by elimination of the terms containing the acoustic velocity, [Morse, 1986].  Also we 
ignore the terms including the productions of fluctuations. We obtain 
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! 2"'
!t 2 #
! 2p'
!z2 +
! 2p'
!r2 +
1
r
! p'( )
!r +
1
r2
! 2 p'( )
!$ 2
% 
& ' 
( 
) * 
= 0
                
2. 41 
 
 
By thermodynamics, we can relate the acoustic density in equation 2.41 to the 
acoustic pressure as for 1-Dimensional wave. Finally we can obtain the 3-
Dimensional acoustic wave equation in cylindrical co-ordinate as follows: 
 
 
! 2"'
!t 2 # c
2 ! 2"'
!z2 +
! 2"'
!r2 +
1
r
! "'( )
!r +
1
r2
! 2 "'( )
!$ 2
% 
& ' 
( 
) * 
= 0
            
2. 42 
 
 
We now have the general solution of a 3-Dimensional acoustic wave in cylindrical 
co-ordinate. In the next section we will present its general solution. 
 
2.3.1.1.3. General Solution 
As already mentioned, all acoustic variables must satisfy equation 2.42, we then 
consider the acoustic pressure. Its equation is equation 2.42. The acoustic pressure is 
a function of time and space and it can be assumed and written as a product of 
separate functions of each of the four variables separately: 
 
 
p r,!,z,t( ) = R r( )" !( )Z z( )T t( )                     2. 43 
 
We substitute equation 2.43 into equation 2.42 (p replacing !), leading to 
 
 
R!Z "
2T
"t 2 # c
2 TR!"
2Z
"z2 + T!Z
" 2R
"r2 +
T!Z
r
"R
"r +
TRZ
r2
" 2!
"$ 2
% 
& ' 
( 
) * 
= 0             2. 44 
 
We need to obtain which are functions of one variable only and this can be nearly 
achieved by dividing by p and one can obtain: 
 
 
1
T
! 
" 
# 
$ 
% 2T
%t 2 & c
2 1
Z
! 
" 
# 
$ 
% 2Z
%z2 +
1
R
! 
" 
# 
$ 
% 2R
%r2 +
1
rR
! 
" 
# 
$ 
%R
%r +
1
r2'
! 
" 
# 
$ 
% 2'
%( 2
! 
" ) 
# 
$ * 
= 0                          2. 45 
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Considering equation 2.45, the first term is dependent on t only and the second term 
is dependent on z only. If we look at the 3rd, 4th and 5th term as one large term, it 
depends on r and #. The only way these three terms can combine to be zero, is if they 
are constant. The constant can either have a positive value or negative value. The 
positive values will give an exponential growth or decay for the solution whilst the 
negative value will give an oscillating solution. Therefore, the harmonic solution for 
the first term can be explained as follows: 
 
 
1
T
! 2T
!t 2 = "#
2
                             
2. 46 
 
whose solution is  or  or combination of these two terms. The second term 
is the waves in axial direction, whose solution can be written as  where m and 
n subscripts allow for a range of discrete independent solutions for each of the 
functions R and +. Now we considering the 5th term in equation 2.45 and we show it 
as follows: 
 
 
1
r2
1
!
" 2#
"! 2
$ 
% & 
' 
( ) 
* 
+ 
, 
- 
. 
/                  2. 47 
 
If we consider only the variable # in small parentheses, we then again can obtain its 
solution as , where n is the mode of circumferential wave. We substitute these 
values back into equation 2.45, then we obtain: 
 
 
!" 2 ! c 2 !# mn2 +
1
R
$ 
% 
& 
' 
( 2R
(r2 +
1
rR
(R
(r !
n2
r2
$ 
% ) 
& 
' * 
= 0
                                       
2. 48 
 
 The terms 3, 4 and 5 are functions of radius; although the term 5 is a function of #, it 
is also a function of radius. In general, the solution of term 5 is dependent on n, 
which is the circumferential mode. Therefore, we write the solution for these 3 terms 
as Rn. Then we substitute all these into equation   2.48 and one can obtain: 
 
 
!" 2 ! c 2 !# mn2 +
1
Rn
$ 
% & 
' 
( ) 
* 2Rn
*r2 +
1
rRn
*Rn
*r !
n2
r2
$ 
% & 
' 
( ) 
= 0                           2. 49 
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We multiply through the equation 2.49 by Rn and rearrange, leading to 
 
 
r2 !
2Rn
!r2 + r
!Rn
!r + r
2 "
2
c 2
# $ mn
2% 
& ' 
( 
) * 
# n2+ 
, 
- 
. 
/ 
0 Rn = 0                        2. 50 
 
We simply the equation by letting  
 
 
r' 2 = !
2
c 2
" # mn
2$ 
% & 
' 
( ) 
r2 = *mn2 r2                                   2. 51 
 
where "mn is constant and the derivative respecting to r can be written as 
 
 
!
!r =
!r'
!r
" 
# $ 
% 
& ' 
!
!r' = (mn
!
!r'                           2. 52 
  
We then substitute equations 2.51 and 2.52 into equation 2.50 and rearrange, we then 
obtain: 
 
 
r' 2 !
2Rn
!r' 2 + r
' !Rn
!r' + r
' 2 " n2[ ]Rn = 0                         2. 53 
 
 
The equation 2.53 is the Bessel’s equation. In general, the solutions for the Bessel’s 
equation are defined as in equations 2.54. 
 
 
Rn = Jn r'( ) = Jn !mnr( )   
 
Rn = Yn r'( ) = Yn !mnr( )                                   2. 54 
 
Jn is a Bessel’s function of the first kind, and Yn is a Bessel’s function of the second 
kind. They are similar to sine and cosine functions, which are solutions of a second -
order differential equation.  
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Fig 2. 24 Bessel’s Function of the First Kind, [Dupere, 2009] 
 
 
 
Fig 2. 25 Bessel’s Function for the Second Kind, [Dupere, 2009] 
 
 
Figures 2.24 and 2.25 show the Bessel’s function of the first and second kind, 
respectively. There are many functions, which depend on the circumferential mode, 
for both the first and second kind. For the first kind, apart from the 0th order 
function, they all have a value of zero at r = 0. For the second kind, they all have 
infinite values at r = 0. As can be seen clearly from figures 2.24 and 2.25, they both 
decay with increasing r as to be expected because the energy, which is proportional 
to area, is constant. All the functions can be multiplied by any arbitrary constant and 
they are still the solutions of the Bessel’s equation. Therefore, the solution for the 
equation 2.53 is a combination of two equations in equation 2.54. 
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Rn (r) = EnJn !mnr( ) + FnYn !mnr( )                             2. 55 
 
Where En and Fn are constant coefficients, depending on the circumferential mode. 
The equation 2.55 is the solution of equation 2.53 only, but the general solution for 
the 3-Dimensional acoustic wave equation in cylindrical co-ordinate needs to include 
other variables; time, axial direction and circumferential direction. Therefore, the 
general solution is: 
 
 
p r,!,z,t( ) = ei"t Amnei# mnZ + Bmne$ i# mnZ[ ] Cnein! + Dne$in![ ] EnJn %mnr( ) + FnYn %mnr( )[ ]   
          2. 56 
 
However, the solutions are different, depending on the boundary conditions of each 
problem; therefore, we will present the solutions in different geometries; the cylinder 
and the annulus, which are related to our study. 
 
2.3.2. Acoustic Waves in Different Geometries 
Our study is dealing with the cylindrical and annular geometry, which will be 
explained in more detail in chapter 5. Hence, in this section, we describe more about 
the acoustic waves in the cylinder and annulus and also their general solutions. We 
obtain their general solutions by applying boundary conditions to equation 2.57. In 
the next chapter, we will use this information in order to build the mathematical 
model for our study.  
 
2.3.2.1. Acoustic Wave in Cylinder 
We first start with the general equation for 3-D acoustic waves in cylindrical co-
ordinate as shown in equation 2.57.  
 
 
p r,!,z,t( ) = ei"t Amnei# mnZ + Bmne$ i# mnZ[ ] Cnein! + Dne$in![ ] EnJn %mnr( ) + FnYn %mnr( )[ ]  
         2. 57 
 
When we consider the acoustic waves in the cylinders, it needs to include the centre; 
thus, the term of the Bessel’s function of the second kind is vanished since it needs 
to be finite at the centre. Then the general solution for the acoustic pressure is: 
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p(r,!,zt) = ei"t Amne+ i# mnZ + Bmne$ i# mnZ[ ] Cne+in! + Dne$in![ ] EnJn (%mnr)[ ]           2. 58  
 
Generally, the acoustic waves inside the cylindrical geometry have zero radial 
velocities at the solid wall; hence, the derivative of equation 2.58 with respect to r is 
equal to zero as shown in equation 2.59. 
 
 
!
!r Jn "mnr( )r=r0                                          2. 59 
 
Let j’mn be the root of both equations 2.59; therefore,  
 
 
jmn' = !mnr0                                2. 60 
 
 
We rearrange equation 2.60 to obtain "mn : 
 
 
!mn =
jmn'
r0
                                2. 61 
 
We then replace equation 2.58 with equation 2.60 and we obtain the general solution 
for the acoustic waves in the cylindrical geometry or pipe as shown: 
 
 
p r,!,z,t( ) = ei"t Amnei# mnZ + Bmne$ i# mnZ[ ] Cnein! + Dne$in![ ] EnJn jmn
'
r0
r% 
& ' 
( 
) * 
+ 
, 
- 
. 
/ 
0                     2. 62 
 
 
Zemanek, [Zemanek, 1970], theoretically studied the sound field of a circular 
transducer by constructing the model in order to predict the distribution of sound 
pressure along central axis. He also started from equation 2.62 and he then obtained 
the predicted pressure as shown in fig 2.26.  
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Fig 2. 26 Pressure Distribution along the Axial in Piston, [Zemanek, 1970] 
 
It was found that the last maximum predicted pressure along the central axis occurs 
at the distance of: 
 
 
Z = 0.75 Rd
2
!
" 
# $ 
% 
& ' 
                                             2. 63 
 
 
Where z is the distance along the central axis from the sound source and Rd is the 
disk radius and $ is the acoustic wavelength. Although this study can tell where the 
maximum pressure is, it does not include any effects from liquid height and liquid 
properties. There were some more studies, [Fuller et al., 1982, Gorman et al., 2001, 
2005], which theoretically investigated the acoustic properties inside the cylinder by 
starting from equation 2.57.  In our study, we assumed that the acoustic waves are 
axi-symmetric; therefore, the second parentheses in equation 2.57 can be neglected 
because it is independent in the circumferential direction. Therefore the solution 
becomes: 
 
 
p r,!,z,t( ) = ei"t Amnei# mnZ + Bmne$ i# mnZ[ ] EnJn jmn
'
r0
r% 
& ' 
( 
) * 
+ 
, 
- 
. 
/ 
0                      2. 64 
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It is quite common to use equation 2.64 as the general solution for the axi-symmetric 
acoustic waves in the cylinders. However, our study is also related to annulus 
geometry, we then briefly explain the acoustic waves in the annulus in the next 
section. 
 
2.3.2.2. Acoustic Waves in Annulus 
In this section the solution for an acoustic wave in the annulus is presented. We need 
to have a basic understand of the sound waves in the annulus since a part of our 
geometry is an annulus. Then we will apply these two sections, 2.3.2.1. and 2.3.2.2., 
in the theoretical analysis in order to be able to construct the mathematical model. 
The model will be able to predict the acoustic properties corresponding to our 
geometry. 
 
We again start with the most general solution for a 3-Dimensional acoustic wave in 
cylindrical co-ordinates equation 2.57. In this case, there are both the Bessel’s 
function of the first and the second kind because this time the geometry does not 
include the central axis. Then we use the same principle as we used in cylindrical 
geometry; we apply the boundary conditions to the solution. The same is true for 
other authors, [Sridhar et al., 1978, Moore, 1979, Rienstra, 1984, 1999, Gridin et al., 
2003, Kelly et al., 2007]. The boundary conditions that we apply are the acoustic 
radial velocity at both the inner and the outer walls. We consider only the terms 
including r from equation 2.57 as shown in following equation: 
 
                             2. 65 
 
 
At the inner and the outer wall, the derivative of Rn respecting to r are zero; 
therefore, we obtain respectively: 
 
 
!Rn
!r r=ri
= EnJn' "mnri( ) + FnJn' "mnri( ) = 0                 2. 66 
 
 
!Rn
!r r=ro
= EnJn' "mnro( ) + FnJn' "mnro( ) = 0                          2. 67 
Rn = EnJn !mnr( ) + FnYn !mnr( )
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We rearrange both equations; 2.66 and 2.67 in order to obtain Fn; then one can 
obtain, 
 
                               2. 68 
 
                                2. 69 
 
We equate these two equations and then it becomes: 
 
                                    2. 70 
 
To make it more simply, we then introduce two new variables; ,’mn and rrat. They are 
expressed as follows: 
 
 
                    2. 71 
 
and 
 
 
rrat =
ro
ri
                                 2. 72 
 
We substitute these two equations into equation 2.70 and rearrange, the equation 
then becomes: 
 
                            2. 73 
 
From equation 2.73, we then can easily obtain the value of ,’mn from Handbook of 
Mathematical Functions with Formulas, Graph, and Mathematical Tables, 
[Abramowitz et al., 1972]. Finally, the general solution for the annulus is: 
 
Fn = !En
Jn' "mnri( )
Yn' "mnri( )
#
$
%
&
'
(
Fn = !En
Jn' "mnro( )
Yn' "mnro( )
#
$
%
&
'
(
Jn' !mnro( )
Yn' !mnro( )
"
#
$
%
&
' =
Jn' !mnri( )
Yn' !mnri( )
"
#
$
%
&
'
!mn
' = !mnri
Jn' !mn' rrat( )Yn' !mn' i( ) " Jn' !mn'( )Yn' !mn' rrat( ) = 0
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p r,!,z,t( ) = Amnei" mnZ + Bmne#i" mnZ[ ] Cnein! + Dne#in![ ] EnJn $
'
mn
ri
r% 
& ' 
( 
) * 
+ FnYn
$ 'mn
ri
r% 
& ' 
( 
) * 
+ 
, 
- 
. 
/ 
0    
                                 2. 74 
 
We now have a better understanding on how to apply the general solution for 3-
Dimensional acoustic waves in two different geometries, which correspond to our 
study. In the next chapter we will theoretically analyse the mathematical model by 
using all these information. Since we are dealing with a high frequency waves, we 
then need to also study the mode of acoustic waves and their cut-on and cut-off 
modes in the next section. 
 
2.3.3. Higher Order Mode for Acoustic Waves 
Generally, in travelling of acoustic waves, not only plane waves but also other order 
waves types (other modes of waves), propagate in the medium. From equation 2.62, 
the acoustic properties (in this case, the pressure inside the cylinder is chosen for 
example) corresponding to each wave mode can be obtained from the following 
equation: 
 
 
p r,!,z,t( ) = AmnJn jmn'
r
r0
" 
# $ 
% 
& ' 
cos n!( )ei (t)* mnZ( )                           2. 75 
 
As can be seen the acoustic properties are dependent on m and n, which are the 
radial and circumferential order modes, respectively. At a certain mode the 
transferred energy begins to reduce, we call this mode ‘the cut-off mode’. The cut-
off mode is dependent on the frequency and the cut-off mode of the corresponding 
frequency for a rigid wall can be found when: 
 
                                 2. 76 
 
From equation 2.76, the frequency at which a mode becomes the cut-off mode is 
proportional to the outer radius. The higher the frequency, the higher mode needs to 
be before it is cut-off. Our study is dealing with a high frequency waves; therefore 
we also need to include the high modes in consideration in order to obtain the actual 
jmn' >
!
c ro
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values of all acoustic properties. However, for a very high frequency, which requires 
a lot more modes in theoretically computational calculations, a large amount of 
computer storage is necessary. This is the reason why the cut-off mode is introduced. 
It plays an important role in theoretical calculation. As already mention, at the 
modes, which are higher than the cut-off mode, the amplitude begins to reduce and 
the acoustic waves start to decay. As a result, the modes, which are higher than the 
cut-off mode, are less important because they will not affect the acoustic properties; 
thus they can be neglected. However, in theoretical calculation we also need to 
confirm that the higher modes do not influence the acoustic properties by checking 
the convergence of the prediction, as the number of modes that are included is 
increased.  
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Chapter 3  
Theoretical Analysis   
 
 
 
3.1. Introduction 
 
In the previous chapter, we described the basic theory of the acoustic waves in 
different types of geometry. In this chapter we present the theoretical analysis. We 
apply the acoustic theory to the experimental study and construct a mathematical 
model in order to predict acoustic properties of the liquid medium. We will then 
relate these properties to the number of droplets generated from the ultrasonic 
atomizer used in the experiments. The initial aim of our project was to alleviate 
global warming problem by optimization of ultrasonic atomizers in order to produce 
the maximum number of droplets in a required size range. As a result, if the 
theoretical analysis predicts results that are in very good agreement with the 
experimental results, then we could take an advantage of it to optimize the atomizer, 
the container and the other parameters concerned in order to obtain the maximum 
number of droplets without any experimental work, which could be very useful to 
several applications of the ultrasonic atomizers as mentioned in chapter 2. 
 
The main objective of this chapter is to construct the mathematical model from the 
problem studied in order to predict acoustic properties of the acoustic medium and 
then compare them to the results obtained from the experiment for different applied 
conditions. The most important acoustic properties are acoustic pressure and 
velocity, which can then be related to number of droplets generated from 
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investigated ultrasonic atomizers.  
 
In constructing the mathematical model, initially, general solutions of the wave 
equations are used and the boundary conditions, corresponding to our experiments 
are applied. Then we have chosen FORTRAN language in this study to solve for 
unknowns and the acoustic properties. The predicted results have to be shown to 
satisfy the applied boundary conditions. In addition, the convergence criterion is 
required to be met. The acoustic properties are actually required an indefinite 
numbers of terms in the model.  However since there is a limit to the number of 
terms, which can be used in the calculation; the acoustic properties use a truncation 
of the indefinite series. Therefore, the number of terms used is very important, 
especially for high frequency sound waves, it is needed to be convergence as more 
term used. Then all higher modes after the convergence is reached can be truncated. 
This chapter shows the process of the mathematical model construction from 
applying all boundary conditions to the general solution to where the matrix of 
equations of the system has been built and then the predictions from this model will 
be shown in the next chapter. 
 
Nomenclature 
 
A, B, C, D, E and F  
Waves generated inside the container in 
each area; subscripts 1 and 2 stand for 
waves propagate in positive and negative 
directions, respectively 
Aarea Cross-sectional area (m2) 
J Bessel’s function of the first kind 
Y Bessel’s function of the second 
kind 
R Radius (m) 
V Velocity (m/s) 
Z Vertical Distance (m) 
a Maximum Velocity of Vibration 
(m/s) 
 
W
•
 Disk velocity (m/s) 
 
m
•
 Mass flow rate (kg/s) 
P Pressure (Pa) 
 
j0'  Zero roots for derivative of 
Bessel’s function zero order 
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Subscripts 
A Atomizer 
B Container 
D Disk 
W Water 
bb Bottom Base 
s Number of radial mode of disk 
vibration 
n, p, q Number of terms in regions 1, 2, 
and 3, respectively 
r Radial Direction 
a Axial Direction 
 
Greek symbols 
% Potential Velocity 
& Radial Wave Number 
', (, ) Axial Wave Number for region 
1, 2, and 3, respectively 
'  Angular frequency (Hz) 
, Zero roots of cross products of 
Bessel’s function 
! Liquid density (kg/m3) 
 
 
 
 
3.2. Problem 
 
The modelled geometry is illustrated in fig 3.1. The ultrasonic atomizer was 
submerged in a cylindrical plastic container filled up with the liquid medium to a 
certain depth, which was varied in different tests. It was placed in the centre of the 
container as shown in fig 3.1; the dashed line on the left hand is the central axis. The 
container has an open end; it is open to the atmosphere leading to zero acoustic 
pressure at the liquid surface.  As can be seen from fig 3.1, the liquid medium is 
separated into 3 regions: 1, 2 and 3. Region 1 is the smallest part, this region starts 
from the disk to the top surface of ultrasonic atomizer and let us assume there will be 
waves A and B, region 2 is the top part of container containing a combination of 
waves C and D and for the last region 3, it is the annular area between the atomizer 
body and the container wall in which it is assumed that waves E and F will occur. 
The physical driver for this problem is the disk vibrating in central area, region 1, 
from which sound wave A has been generated and travels upward in the +Z 
direction. It becomes incident on the water surface of the atomizer leading to 
reflecting sound wave B travelling downward back to the disk, and a wave travelling 
vertically upward in region 2. In region 2, the transmitted wave C travels upward and 
incidents on to the water top surface resulting in the reflected wave D, which travels 
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downward in –Z direction. At the atomizer level at outer areas, the same is true for 
wave A, wave D has reflected and also transmitted to region 3 generating wave F 
travelling further downward and incidents on the solid bottom and reflects back 
upwards as wave E. In reality the disk is not located exactly in the centre of the 
atomizer as shown. Nevertheless, the remainder of the geometry is sufficiently axi-
symmetric for an axi-symmetric assumption to be justified. As will be seen, 
reasonable results are obtained with this simplification. 
 
 
 
 
                                                                                                                                   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 3. 1 The Diagram shows the Geometry and Three Different Regions used in the 
Mathematical Model 
Zd ZA 
Zw 
Region 1 : A and B 
Region 2 : C and 
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Region 3 : E and 
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Liquid Surface 
Disk 
Rd 
RA 
RB 
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3.3. Mathematical Model 
 
The system illustrated in fig 3.1 is excited by the oscillation of the piezo-ceramic 
disk at the base of region 1 as shown in the figure. We aim to predict the acoustic 
properties at an instantaneous time, of the generated fountain; therefore the boundary 
line at the liquid surface is flat. We assume that there are small amplitude 
disturbances for the acoustic waves; therefore, we can use linear analysis for the 
problem. Since the oscillation is axi-symmetric, the disk induces axi-symmetric 
waves in regions 1, 2 and 3 which are governed by the wave equation (see chapter 
2): 
 
 
! 2"
!t 2 # c
2
$2" = 0                     3. 1 
 
For axi-symmetric geometries like our problem, the axi-symmetric wave equation 
for potential velocity can be given as shown in equation 2.42, which the 
circumferential term is reduced. 
 
 
! 2"
!t 2 # c
2 ! 2"
!r2 +
1
r
!"
!r +
! 2"
!z2
$ 
% & 
' 
( ) 
= 0                     3. 2 
 
Equation 3.2 has a general solution, which can be written as   
 
    
 
! = A1nJ0 "nr( ) + A2nY0 "nr( )[ ]e# i$ nZ + B1nJ0 "nr( ) + B2nY0 "nr( )[ ]e+ i$ nZ{ }
n=1
% ei&t              3. 3 
 
Where A1n, A2n, B1n and B2n are unknown constant coefficients of each term in the 
general solution and &n   and 'n  are radial and axial wave numbers, respectively. In 
general, these parameters will be different in regions 1, 2 and 3 and so, for 
convenience, we choose to find separated solutions in each of the regions following 
the geometry shown in fig 3.1.  In equation 3.3 J0 (x) and Y0 (x) are the Bessel’s 
function of the first and second kind, respectively each of order 0 because the waves 
are axi-symmetric. In what follows we will solve for the unknowns constants A1n, 
A2n, B1n, B2n and &n by applying the boundary conditions at the solid walls, the 
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boundary between the three regions (1, 2, and 3), the central axis (r=0), at the 
moving disk and the liquid top surface. The remaining constant 'n will then be 
solved by re-substitution is to the wave equation 3.2. We will introduce the general 
solutions for each region as follows: 
 
For region 1, we use exactly the same equation as equation 3.3, we choose the 
unknowns following the waves occurring in each region, though we add 1 as a 
subscript to the potential velocity and radial wave number and the number of terms 
used is assumed to be n. 
 
 
!1 = A1nJ0 "1nr( ) + A2nY0 "1nr( )[ ]e#i$ nZ + B1nJ0 "1nr( ) + B2nY0 "1nr( )[ ]e+i$ nZ{ }
n=1
% ei&t         3. 4 
 
For region 2, we choose the constant coefficients to be C and D, and the subscript of 
the radial wave number is 2 following the region’s name. Additionally, the axial 
wave number is (p and subscript p is used for the number of terms for this region. 
 
 
 
!2 = C1pJ0 "2pr( ) + C2pY0 "2pr( )[ ]e#i$ p Z + D1pJ0 "2pr( ) + D2pY0 "2pr( )[ ]e+ i$ p Z{ }
p=1
% ei&t         3. 5 
 
For region 3 the constant coefficients are chosen to be E and F and the axial wave 
number is .q. Similarly to region 2, the subscript of the radial wave number is 3. The 
number of terms in this region is assumed to be q terms. 
 
 
!3 = E1qJ0 "3qr( ) + E2qY0 "3qr( )[ ]e#i$ qZ + F1qJ0 "3qr( ) + F2qY0 "3qr( )[ ]e+i$ qZ{ }
q=1
% ei&t     3. 6 
 
The unknown constant coefficients can be obtained by applying all boundary 
conditions. A1n, A2n, B1n and B2n depend on the boundary conditions applied at the 
disk interface and the pressure along the top surface of region 1. C1p, C2p, D1p and 
D2p also depend on the same pressure for A and B; they additionally depend on the 
pressure at the top surface of liquid medium and the boundary line between region 2 
and 3. Moreover they depend on the boundary condition on the atomizer solid wall, 
- 
- 
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which is the axial acoustic velocity. Lastly, E1q, E2q, F1q, and F2q are dependent on 
the boundary conditions on solid walls and the pressure on the region’s top level. We 
then considered at each boundary and apply assumed conditions to make the result of 
the flow more realistic.  
 
Axi-symmetry 
First, the ultrasonic atomizer has a cylindrical shape and also has been operated in a 
cylindrical container, therefore it is assumed to be 2-Dimensional and axi-symmetric 
for region 1 and 2. The boundary condition of axi-symmetry has been applied to the 
general solutions of zone 1 and 2. According to the study of Bessel’s equation, at the 
axis, the solutions need to be Bessel’s functions; thus all terms involving Bessel’s 
functions of the second kind are eliminated, since the pressure must be finite at the 
centre. Equations 3.4 and 3.5 then become  
 
 
 
!1 = A1nJ0 "1nr( )[ ]e#i$ nZ + B1nJ0 "1nr( )[ ]e+ i$ nZ{ }
n=1
% ei&t                3. 7 
 
 
 
!2 = C1pJ0 "2pr( )[ ]e#i$ p Z + D1pJ0 "2pr( )[ ]e+i$ p Z{ }
p=1
% ei&t                             3. 8 
 
 
Rigid Walls 
Secondly, since the deformation due to external force of all walls is neglected, they 
can be considered as rigid bodies. As a result, normal velocity to the walls will be 
zero. In this case, the radial velocity of the acoustic medium at the ultrasonic 
atomizer wall and the container wall will be considered to be zero 
 
Vr =
!"
!r = 0
# 
$ 
% 
& 
 as 
well as the axial velocity at the top surface of the atomizer and the bottom surface of 
the container 
 
Va =
!"
!z = 0
# 
$ 
% 
& 
 Therefore, after applied this condition to equation 3.7 for 
region 1 at the atomizer inner wall, Rd, we could obtain for both waves A and B: 
 
 
- 
- 
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A1nJ ' 0 !1nRd( )e"i# nZ = 0   
 
B1nJ ' 0 !1nRd( )e+i" nZ = 0                                  3. 9 
 
Let j’0,n be the root of equation 3.9, and then &1n could be found as follows: 
 
 
!1n =
j0,n'
Rd
                    3. 10 
 
Similarly for region 2, at the container wall, RB, let j’0,p be the root of derivative of 
each term in equation 3.8, thus 
 
 
!2p =
j0,p'
RB
                   3.11 
 
The same is true for region 3 at the atomizer outer wall, RA, the derivative of each 
wave in equation 3.6 with respect to r is zero. For waves E, one can obtain: 
 
 
 
E1qJ ' 0 !3qRA( ) + E2qY ' 0 !3qRA( ) = 0                                 3. 12 
 
Equation 3.12 can be rearranged, thus 
 
 
E1q
E2q
= !
Y ' 0 "3qRA( )
J ' 0 "3qRA( )                  3. 13 
 
At the container wall, RB 
 
 
E1qJ ' 0 !3qRB( ) + E2qY ' 0 !3qRB( ) = 0                3. 14 
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After rearranging equation 3.14, we could obtain 
 
 
E1q
E2q
= !
Y ' 0 "3qRB( )
J ' 0 "3qRB( )                  3. 15 
 
Equation 3.12 and 3.14 are equal, therefore, 
 
 
E1q
E2q
= !
Y ' 0 "3qRA( )
J ' 0 "3qRA( ) = !
Y ' 0 "3qRB( )
J ' 0 "3qRB( )                3. 16 
 
To make it more general in form, the last term of equation 3.16 is multiplied by  
RA/ RA inside parenthesis and rearranged, one can obtain: 
 
 
J ' 0 !3qRA( )Y ' 0 !3qRA RBRA
" 
# $ 
% 
& ' 
( J ' 0 !3qRA
RB
RA
" 
# $ 
% 
& ' 
Y ' 0 !3qRA( ) = 0            3. 17 
 
Let "‘q be the zero roots of cross product in equation 3.17; hence,  
 
 
!3p =
"q
'
RA
                    3. 18 
 
Substituting equations 3.10, 3.11 and 3.18 into equation 3.7, 3.8 and 3.6, 
respectively, the general solutions of 3 regions become 
 
 
!1 = A1nJ0
j0,n'
Rd
r" 
# $ 
% 
& ' 
( 
) 
* 
+ 
, 
- e. i/ nZ + B1nJ0
j0,n'
Rd
r" 
# $ 
% 
& ' 
( 
) 
* 
+ 
, 
- e+i/ nZ
0 
1 
2 
3 2 
4 
5 
2 
6 2 n=1
7 ei8t                3. 19 
 
!2 = C1pJ0
j0,p'
RB
r
" 
# $ 
% 
& ' 
( 
) 
* 
* 
+ 
, 
- 
- 
e. i/ p Z + D1pJ0
j0,p'
RB
r
" 
# $ 
% 
& ' 
( 
) 
* 
* 
+ 
, 
- 
- 
e+ i/ p Z
0 
1 
2 
3 2 
4 
5 
2 
6 2 p=1
7 ei8t                         3. 20 
 
!3 = E1qJ0
"q
'
RA
r
# 
$ % 
& 
' ( 
+ E2qY0
"q
'
RA
r
# 
$ % 
& 
' ( 
) 
* 
+ 
+ 
, 
- 
. 
. 
e/ i0 qZ + F1qJ0
"q
'
RA
r
# 
$ % 
& 
' ( 
+ F2qY0
"q
'
RA
r
# 
$ % 
& 
' ( 
) 
* 
+ 
+ 
, 
- 
. 
. 
e+i0 qZ
1 
2 
3 
4 3 
5 
6 
3 
7 3 q=1
8 ei9t  
                     3. 21 
 
- 
- 
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In addition, for region 3, at the atomizer walls, r=RA, we rearrange equation 3.13 to 
obtain E1q as a function of E2q,  
 
 
E1q = !E2q
Y ' 0 "q'( )
J ' 0 "q'( )                    3. 22 
 
Similar to wave E, for wave F we can obtain F1q as a function of F2q, 
 
 
F1q = !F2q
Y ' 0 "q'( )
J ' 0 "q'( )                    3. 23 
 
For horizontal walls, in region 2, along the atomizer top surface, ZA and RD * R * 
RA, the axial velocity is zero; therefore, we apply this condition to equation 3.20 
 
 
!i" pC1pJ0 j0,p'
r
RB
# 
$ % 
& 
' ( 
) 
* 
+ 
, 
- 
. e!i" p ZA + i" pD1pJ0 j0,p'
r
RB
# 
$ % 
& 
' ( 
) 
* 
+ 
, 
- 
. e+i" p ZA
/ 
0 
1 
2 1 
3 
4 
1 
5 1 p=1
6 = 0             3. 24 
 
In region 3, at bottom surface, Z=Zbb, the axial velocity must be zero for every term. 
When equation 3.21 is differentiated with respect to z, we could obtain: 
 
 
!i"q E1qJ0
#q
'
RA
r
$ 
% & 
' 
( ) 
+ E2qY0
#q
'
RA
r
$ 
% & 
' 
( ) 
* 
+ 
, 
, 
- 
. 
/ 
/ 
e!i" qZ bb + i"q F1qJ0
#q
'
RA
r
$ 
% & 
' 
( ) 
+ F2qY0
#q
'
RA
r
$ 
% & 
' 
( ) 
* 
+ 
, 
, 
- 
. 
/ 
/ 
ei" qZ bb
0 
1 
2 
3 2 
4 
5 
2 
6 2 
= 0  
                    3. 25 
 
Substituting E1q and F1q from equations 3.22 and 3.23, respectively into equation 
3.25 and rearranged, then E2q can be found as a function of F2q: 
 
 
E2q !
Y ' 0 "q'( )
J ' 0 "q'( ) J0
"q
'
RA
r
# 
$ % 
& 
' ( 
+Y0
"q
'
RA
r
# 
$ % 
& 
' ( 
) 
* 
+ 
+ 
, 
- 
. 
. 
e! i/ qZ bb = F2q !
Y ' 0 "q'( )
J ' 0 "q'( ) J0
"q
'
RA
r
# 
$ % 
& 
' ( 
+Y0
"q
'
RA
r
# 
$ % 
& 
' ( 
) 
* 
+ 
+ 
, 
- 
. 
. 
e+i/ qZ bb
                     3. 26 
 
 
E2q = F2qei2! qZ bb                   3. 27 
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Velocity 
Thirdly, the velocity boundary condition at the disk and acoustic medium interface is 
applied; the disk velocity must be equal to the axial velocity of the acoustic medium. 
There are many types of disk vibration; the first starting point of this research is a 
clamped edge disk vibrating with velocity, 
 
W
•
. Since the geometry has a cylindrical 
shape, so the cylindrical coordinate is chosen in the calculation. In general, a nice 
and simple velocity governing equation for the clamped edge disk, which gives the 
zero axial velocity at the edge in the cylindrical coordinate is  
 
 
W
•
(r) = aJ0 j0,s
r
Rd
! 
" # 
$ 
% & 
ei't                  3. 28 
 
Where Rd is the radius of the vibrating disk and j0,s is the zero root of J0 (x). At the 
disk surface, the velocity of the disk and liquid medium must be equal; therefore,  
 
 
W
•
(r) = !"1
!z Zd
                                 3. 29 
 
Substituting equations 3.28 and 3.19 into equation 3.29 we obtain: 
 
 
aJ0 j0,s
r
Rd
! 
" # 
$ 
% & 
ei't = (i) n A1nJ0 j0,n'
r
Rd
! 
" # 
$ 
% & 
* 
+ 
, 
- 
. 
/ e( i) nZ d + i) n B1nJ0 j0,n'
r
Rd
! 
" # 
$ 
% & 
* 
+ 
, 
- 
. 
/ e+ i) nZ d
0 
1 
2 
3 2 
4 
5 
2 
6 2 n=1
7 ei't  
        3. 30 
 
In order to find the individual A1n and B1n for every n as a function of summation of 
ws, we use the method of integral of quadrature; therefore, both sides of equation 
must be multiplied by 
 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & 
r  and then integrate from 0 to Rd, with respect to r. 
The integral of equation 3.30 for right hand side can be obtained from the Handbook 
of Mathematical Function with Formulas, Graphs, and Mathematical Tables (case 
11.4.5), [Abramowitz et al., 1972]. The integral of equation 3.30 for left hand side 
can be obtained from Theoretical Acoustic (P 210), [Morse, 1986]. 
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For RHS, 
 
 
!i" n A1nJ0 j0,n'
r
Rd
# 
$ % 
& 
' ( 
) 
* 
+ 
, 
- 
. e!i" nZ d + i" n B1nJ0 j0,n'
r
Rd
# 
$ % 
& 
' ( 
) 
* 
+ 
, 
- 
. e+i" nZ d
/ 
0 
1 
2 1 
3 
4 
1 
5 1 n=1
6 J0 j0,n' rRd
# 
$ % 
& 
' ( 
rdr
0
Rd
7
= !i" n
Rd2
2 J0 j0,n
'( )[ ]2 A1ne! i" nZ d ! B1ne+i" nZ d( )
 
                                3. 31 
For LHS, 
                                       
 
aJ0 j0,s
r
Rd
! 
" # 
$ 
% & 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & 
rdr
0
Rd
' =
aRd2
j0,s( )2 ( j0,n'( )2
j0,n' J0 j0,s( )J(1 j0,n'( ) ( j0,sJ0 j0,n'( )J(1 j0,s( )[ ]
                                3. 32 
  
The recurrence relation of Bessel function can be also found from the Handbook of 
Mathematical Function with Formulas, Graphs, and Mathematical Tables, 
[Abramowitz et al., 1972].  
 
 
J!1 x( ) = !J1 x( )                   3. 33 
 
Since 
 
 
J1 j0,n'( ) = 0                     3. 34 
 
Substituting equations 3.33 and 3.34 into equation 3.32; hence, 
 
 
aJ0 j0,s
r
Rd
! 
" # 
$ 
% & 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & 
rdr
0
Rd
' =
aRd2
j0,s( )2 ( j0,n'( )2
j0,sJ0 j0,n'( )J1 j0,s( )[ ]                         3. 35 
     
Therefore, 
 
 
aRd2
j0,s( )2 ! j0,n'( )2
j0,sJ0 j0,n'( )J1 j0,s( )[ ] = !i" n Rd
2
2 J0 j0,n
'( )[ ]2 A1ne!i" nZ d ! B1ne+ i" nZ d( )       
                     3. 36 
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We rearrange equation 3.36 in order to obtain A1n,  
 
 
A1n = !
2a j0,sJ0 j0,n'( )J1 j0,s( )[ ]e+ i" nZ d
j0,s( )2 ! j0,n'( )2[ ]i" n J0 j0,n'( )[ ]2 + B1ne
+ i2" nZ d                            3. 37 
 
For every n term, the equations can be written in a matrix as follows: 
 
  
 
A11
!
A1n
! 
" 
# 
# 
$ 
% 
& 
& 
=
Ws1
!
Wsn
! 
" 
# 
# 
$ 
% 
& 
& 
+
B11e+ i2' 1Zd
!
B1ne+i2' nZ d
! 
" 
# 
# # 
$ 
% 
& 
& & 
                               3. 38 
 
Where  
 
 
Wsn = !
2a j0,sJ0 j0,n'( )J1 j0,s( )[ ]e+i" nZ d
j0,s( )2 ! j0,n'( )2[ ]i" n J0 j0,n'( )[ ]2                           3. 39 
 
 
Pressure  
Fourthly, pressure boundary conditions is applied, at the water surface, Zw, the 
acoustic pressure must be zero for every single term since the container was opened 
to the air, the pressure can be obtain from 
 
 
p = !"#
"t                    3. 40 
 
Substituting equation 3.20 for each n term into equation 3.40, we could obtain 
 
 
!i" C1pe# i$ p Zw + D1pei$ p Zw( ) = 0                 3. 41 
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We rearrange equation 3.41 to find D1p as a function of C1p, thus  
 
 
D1p = !C1pe! i2" p Zw                   3. 42 
 
At Z=ZA and r * Rd, the pressure of acoustic medium for region 1 and region 2 must 
be equal; therefore,  
 
 
!
"#1
"t Z =ZA
= !
"#2
"t Z =ZA
                 3. 43 
 
Since liquid medium in region 1 and 2 are still the same, the density can be 
eliminated, from equation 3.43. Then substitute equation 3.19 and 3.20 into equation 
3.43; hence, 
 
 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & 
A1ne'i( nZA + B1ne+ i( nZA{ }
n=1
) = J0 j0,p' rRB
! 
" # 
$ 
% & 
C1pe'i* p ZA + D1pe+i* p ZA{ }
p=1
)
  3. 44 
 
 
Substituting D1p from equation 3.42 into equation 3.44, we obtain: 
  
 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & 
A1ne'i( nZA + B1ne+ i( nZA{ }
n=1
) = C1pJ0 j0,p' rRB
! 
" # 
$ 
% & 
e'i* p ZA ' e+ i* p ZA '2Zw( ){ }
p=1
)
                     3. 45 
 
Again to obtain the individual values of A1n and B1n as a function of the summation 
of C1p, we use the method of integral of the quadrature; thus, 
 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & 
r  must be 
multiplied to both sides of equation 3.45 then integrate from 0 to Rd with respect to r. 
The integral of equation 3.45 for left hand side can be obtained from the Handbook 
of Mathematical Function with Formulas, Graphs, and Mathematical Tables (case 
11.4.5), [Abramowitz et al., 1972]. The integral of equation 3.45 for right hand side 
can be obtained from Theoretical Acoustic (P 210), [Morse, 1986]. 
 
  
- - 
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A1ne!i" nZA + B1ne+ i" nZA{ } Rd
2
2 J0 j0,n
'( )[ ]2
=
C1p e! i# p ZA ! e+i# p ZA !2Zw( ){ }Rd j0,p
'
RB
$ 
% & 
' 
( ) 
J0 j0,n'( )J1
j0,p' Rd
RB
$ 
% & 
' 
( ) 
* 
+ 
, 
, 
- 
. 
/ 
/ 
j0,p'
RB
$ 
% & 
' 
( ) 
2
!
j0,n'
Rd
$ 
% & 
' 
( ) 
2* 
+ 
, 
, 
- 
. 
/ 
/ 
p=1
0
                       3. 46 
 
Equation 3.46 can be rearranged in order to obtain A1n, thus 
 
 
A1n ==
2C1p e!i" p ZA ! e+ i" p ZA !2Zw( ){ } j0,p
'
RB
# 
$ % 
& 
' ( 
J0 j0,n'( )J1 j0,p' RdRB
# 
$ % 
& 
' ( 
) 
* 
+ 
+ 
, 
- 
. 
. 
e+ i/ nZA
j0,p'
RB
# 
$ % 
& 
' ( 
2
!
j0,n'
Rd
# 
$ % 
& 
' ( 
2) 
* 
+ 
+ 
, 
- 
. 
. 
Rd J0 j0,n'( )[ ]2p=1
0 ! B1ne+i2/ nZA
    
                     3. 47 
 
For n and p equal 1, the integral would be divided by 0, and therefore its integral will 
be as follows: 
 
 
 
C11 + C1pJ0 j0,p'
r
RB
! 
" # 
$ 
% & 
J0 j0,n'
r
Rd
! 
" # 
$ 
% & p=2
'
( 
) 
* 
+ 
, 
- e. i/ p ZA . e+i/ p ZA .2Zw( )( )0 1 2 
3 2 
4 
5 
2 
6 2 
rdr
0
Rd
7
= C11
Rd2
2 e
. i/ p ZA . e+i/ p ZA .2Zw( )( ) +
C1p e. i/ p ZA . e+i/ p ZA .2Zw( ){ }Rd j0,p
'
RB
! 
" # 
$ 
% & 
J0 j0,n'( )J1 j0,p' RdRB
! 
" # 
$ 
% & 
( 
) 
* 
* 
+ 
, 
- 
- 
j0,p'
RB
! 
" # 
$ 
% & 
2
.
j0,n'
Rd
! 
" # 
$ 
% & 
2( 
) 
* 
* 
+ 
, 
- 
- 
p=2
'
                 3. 48 
Therefore A11 can be written as follows: 
 
 
A11 = C11
Rd2
2 +
C1pRd
j0,p'
RB
! 
" # 
$ 
% & 
J0 j0,1'( )J1 j0,p' RdRB
! 
" # 
$ 
% & 
' 
( 
) 
) 
* 
+ 
, 
, 
j0,p'
RB
! 
" # 
$ 
% & 
2
-
j0,1'
Rd
! 
" # 
$ 
% & 
2' 
( 
) 
) 
* 
+ 
, 
, 
p=2
.
/ 
0 
1 
1 1 
2 
1 
1 
1 
3 
4 
1 
1 1 
5 
1 
1 
1 
e- i6 p ZA - e+i6 p ZA -2Zw( ){ }e+ i7 1ZA
Rd2
2 J0 j0,1
'( )[ ]2
- B11e+ i27 1ZA  
                     3. 49 
 
- 
- 
- 
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For every n term, these equations can be written in matrix form as follows: 
 
  
 
A11
!
A1n
! 
" 
# 
# 
$ 
% 
& 
& 
=
M11"M1p
! # !
Mn1"Mnp
! 
" 
# 
# # 
$ 
% 
& 
& & 
C11
!
C1p
! 
" 
# 
# # 
$ 
% 
& 
& & 
'
B11e+ i2( 1ZA
!
B1ne+i2( nZA
! 
" 
# 
# # 
$ 
% 
& 
& & 
                          3. 50 
 
For every n and p, the coefficient Mnp stands for  
 
 
Mnp =
2 e!i" p ZA ! e+ i" p ZA !2Zw( )( )e+i# nZA j0,p
'
RB
$ 
% & 
' 
( ) 
J0 j0,n'( )J1
j0,p' Rd
RB
$ 
% & 
' 
( ) 
* 
+ 
, 
, 
- 
. 
/ 
/ 
j0,p'
RB
$ 
% & 
' 
( ) 
2
!
j0,n'
Rd
$ 
% & 
' 
( ) 
2* 
+ 
, 
, 
- 
. 
/ 
/ 
Rd J0 j0,n'( )[ ]2p=1
0                           3. 51 
 
Except when both of n and p are equal to 1, M11 will be 
 
 
M11 =
e! i" 1ZA ! e+i" 1 ZA !2Zw( )( )e+ i# 1ZA
J0 j0,1'( )[ ]2
                             3. 52 
 
At the boundary line, ZA, between RA* r * RB, the pressure in region 2 and 3 must, 
therefore, be equal: 
 
 
!"2
!t Z =ZA
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!t Z =ZA
                   3. 53 
 
Substituting equation 3.20 and 3.21 into equation 3.53, one can obtain: 
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Substituting D1p, E1q, E2q and F1q from equations 3.42, 3.22, 3.26 and 3.23 into 
equation 3.54, we obtain: 
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Conservation of Mass 
Lastly, conservation of mass for the whole system has been considered. Due to the 
conservation of mass, the liquid mass leaving from region 1 and 3 must be equal to 
the liquid mass entering to region 2 at the height of the atomizer, ZA. Mass flow rate 
can be found from 
 
 
m
•
= !VaAarea                    3. 56 
 
where ! is density (kg/m3) 
 Va is axial velocity (m/s) 
 Aarea is the cross-sectional area (m2) 
Mass leaving from region 1 and 3 is equal to mass entering to region 2; therefore,  
 
 
!
"#1
"z Aarea1 + !
"#3
"z Aarea3 = !
"#2
"z Aarea2                 3. 57 
 
We substitute equations 3.19 – 3.21 into equation 3.57. Then + can be eliminated 
since there is only one liquid medium for the whole system, considering a very small 
area of 2,rdr, and then substitute D1p, E1q, and F1q by C1p, E2q, and F2q, respectively, 
then one can obtain     
 
 
- 
- 
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The integral here again can be found from the Handbook of Mathematical Function 
with Formulas, Graphs, and Mathematical Tables (cases 11.3.20 and 11.3.24), 
[Abramowitz et al., 1972].  
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Since 
 
J1 j0,n'( ) and 
 
J1 j0,p'( )are 0 for every n and p except when n and p are 1 which 
is plane wave mode, j’0,n and j’0,p being 0, as a result, the integral of the first mode 
only become 
 
     
- 
- 
- 
- 
- 
- 
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The numbers of terms used in each region are crucial, essentially, an indefinite 
number of terms are required; however, due to limitation of computer efficiency, the 
number of terms needs to be fixed depending on physical geometry. With a specific 
number of terms used, the results must satisfy all the boundary conditions and meet 
the convergence criteria. The numbers of equations are still not sufficient; the 
collocation has been introduced at the top wall of the atomizer and also along ZA 
from RA * R * RB . The numbers of points used for the collocations are dependent on 
the numbers of terms of wave equations in each region; the collocation will increase 
the numbers of equations as adequate to the numbers of unknowns, as a result, the 
system of these equations will be able to be solved by any means of matrix solver.  
 
3.4. Matrix of the System of Equations 
 
In section 3.3, we showed the mathematical process for the theoretical analysis; we 
started from the general solution for the wave equation and then applied all related 
boundary conditions. In this section, we will construct the matrix in order to solve 
this system of equations. What we try to achieve is that for every equation, all 
unknowns will be in one side and the other side will be a constant value. 
 
First, we consider the number of terms used in each region in order to be able to 
construct the matrix. In reality, every region requires an indefinite number of terms 
in theoretical analysis, though there is a limit of calculation due to computer storage. 
Therefore, we need to truncate the series to a certain number of terms; however, to 
define the number of terms in each region depends on its physical geometry. From 
- 
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fig 3.1, inside the small area, region 1, the original waves occur and dominate all the 
acoustic properties in other regions. Although in this region it could have any 
number of terms, it will have the lowest number of terms since it is the smallest 
region in terms of both horizontal and vertical distance. Region 3, the annulus area, 
requires more terms than region 1 needs, since the annulus width is considerably 
larger than the radius of the disk. In the largest region, region 2, the number of terms 
needs to be enough to make the predicted results satisfy the boundary line ZA 
between the central axis and disk radius, and then more terms are required to make 
the predicted results satisfy the boundary condition along the atomizer top surface. In 
addition, the acoustic series still require extra terms to make the results satisfy the 
boundary line between region 2 and 3. Therefore, the number of terms in region 2 
needs to be enough to satisfy all the boundary conditions applied. As already 
mentioned, we assume that in regions 1, 2 and 3 the numbers of terms used are n, p 
and q terms, respectively; thus the number of unknowns will be n+p+q, leading to 
the dimension of the matrix of [(n+p+q), (n+p+q)]. 
 
Secondly, we will construct the matrix by starting with substitution A1n from 
equation 3.38 into equation 3.50, we then rearrange so that all unknowns are on the 
same side and it is shown as follows: 
  
  
 
B1n e+i2! nZ d + e+ i2! nZA( )( ) + Mn1!Mnp( )
C11
"
C1p
" 
# 
$ 
$ $ 
% 
& 
' 
' ' 
= Wsn( )                            3. 61 
 
There will be n equations of equation 3.61 for each nth term and these equations are 
the first n row of the matrix. Next row, (n+1)th row in the matrix is the equation of 
conservation of mass for the whole system which is equation 3.60. We substitute A11 
from equation 3.49 into equation 3.60 and it has been rearranged so that one side of 
equation combines all unknowns shown as follows: 
 
 
 113 
 
 
 
2! 1B11e+i! 1ZA
Rd2
2
+ "1 e#i" 1ZA + e+ i" 1 ZA #2Zw( )( ) RB
2
2 # ! 1 e
#i! 1ZA # e+i! 1ZA( ) Rd
2
2
$ 
% 
& 
' 
( 
) 
C11
#! 1 C1pM1p
p=2
* e+ i! 1ZA Rd
2
2
+
#+q ei+ q 2Zbb #ZA( ) # e+i+ qZA( )
,q
'
RA
- 
. / 
0 
1 2 
2
#
Y ' 0 ,q'( )
J ' 0 ,q'( )
,q
' RB
RA
J1
,q
' RB
RA
- 
. / 
0 
1 2 
#,q
' J1 ,q'( )
3 
4 
5 
5 
6 
7 
8 
8 
+
,q
' RB
RA
Y1
,q
' RB
RA
- 
. / 
0 
1 2 
#,q
' Y1 ,q'( )
3 
4 
5 
5 
6 
7 
8 
8 
$ 
% 
9 
9 
& 
9 
9 
' 
( 
9 
9 
) 
9 
9 
q=1
* F2q = 0
 
                     3. 62 
 
After the conservation of mass equation, equation 3.24 is to be considered. It 
describes the boundary condition along the atomizer top surface, where the axial 
velocities need to be 0; therefore, in this case we apply the collocation method. The 
number of the collocation points depends on how many equations are required to 
obtain sufficient equations for all the unknowns. The total number of equations we 
required is n+p+q; we already had n equations for equation 3.62 and 1 equation for 
mass conservation. Since the system of equation needs at least q equations for 
another collocation along boundary line between region 2 and 3 because we assume 
there are q terms in region 3. Thus, the collocation points along the atomizer top 
surface will be p-1 points. We substitute equation 3.42 into equation 3.24 and 
rearrange, then it becomes: 
 
 
!i" pC1pJ0 j0,p'
r
RB
# 
$ % 
& 
' ( 
e!i" p ZA + e+ i" p ZA !2Zw( )( )
p=1
) = 0                                           3. 63 
 
Therefore, there will be p-1 rows of equation 3.63 for p-1 points in the matrix. The 
same is true for the last q rows for the matrix; q equations are required for q terms; 
hence q points are required on the boundary line for pressure boundary in equation 
3.55, which is applied by collocation method. Equation 3.55 can be rearranged and 
shown as follows: 
 
 
- 
- 
- 
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The matrix of the system, which is to be solved, is shown as follows: 
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Where Sij is assumed to be the coefficient of the matrix and Coni refers to constant 
on the right hand side. There are many methods that can use to solve this system of 
equations. What we choose is the Gauss-Jordan elimination method and it is 
described in the next section. 
 
3.5. Gauss-Jordan Elimination Method 
 
In the previous section, the matrix of the system of equations has been constructed as 
shown in equation 3.65 and its size is dependent on the total number of terms used. 
What we need to do is to solve the matrix numerically in order to obtain the values 
of the unknown constants. There are many numerically methods to solve the matrix, 
in general, the methods can be classified into 2 different classes. The first one is 
direct methods, they theoretically provide an exact solution; the major drawback is if 
an error is made in one step, the error will spread to the following steps. The 
methods that are classified in this class are Gauss-Jordan Elimination, LU 
decomposition and all other methods, which solve an equation system by means of 
- 
- 
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matrix decomposition. The second class is iterative methods, which construct a 
series of approximate solutions that converge to the solution of the system. We 
choose the direct methods because although they could round up an error; they are 
considerable stable and even more stable when applied with full pivoting which will 
be mentioned later in this section.  
 
However, in this study, we are concerned with high frequency waves so higher order 
modes have an important effect on the acoustic properties. Therefore, we need to 
include the high order modes in the calculation. Numerical issues arise because the 
high order cut-off modes make the matrix nearly singular; and so it becomes 
impossible with LU Decomposition. Thus, we choose Gauss-Jordan Elimination 
method to solve our problems and it works moderately well. In this section, we 
briefly explain the principal of the Gauss-Jordan Elimination method and how it 
works. 
 
We first start with a system of equations written in the matrix notation as: 
 
 
Ax = B                     3. 66 
 
where A denotes the coefficient matrix, B is the right hand side matrix and x is the 
solution we are looking for. The system has a unique solution if the number of 
equations is equal to the number of unknown variables and the matrix A is non-
singular. Therefore; we concentrate on this particular case for which the system has a 
unique solution. To solve equation 3.66, we have to find an inverse of matrix A, A-1, 
we then could obtain the solution by multiplying the inverse matrix of A by both 
sides of equation 3.66 as follows: 
 
 
AA!1x = BA!1                    3. 67 
 
Since AA-1=I where I is the identity matrix which then lead to 
 
 
x = BA!1                    3. 68 
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The inverse of matrix A is required in this stage in order to obtain the solution.  
Alternatively, the Gauss-Jordan Elimination method is the method using one or more 
operators below applying to the matrix of equation in order to make matrix A 
becomes the identity matrix. Automatically the right hand side, matrix B, becomes 
the solution of the system. The operators have to be done without affecting the 
solution. What we can do that does not change the solution are the following 
operators: 
 
• Interchanging any two rows of A and the corresponding rows of B. 
• Multiplying a row of A and the same row of B by a non-zero number. 
• Adding to a chosen row of A and the same row of B with a linear combination of 
other rows. 
 
We introduce pivoting to the normal Gauss-Jordan method, which does not use the 
first operator above, in order to make the solution more stable. Pivoting is the 
method to interchange rows (partial pivoting) or rows and columns (full pivoting), so 
that we can put a desirable element in the diagonal position. This could prevent 
encountering zero elements on a diagonal, which then will be the dividing element; 
therefore, it is recommended to use either partial or full pivoting with the Gauss-
Jordan method. 
 
Since the higher order modes affect the solutions and they also make the matrix 
nearly singular; we need to use as few a number of terms as possible for the 
solutions to converge. To reassure that the obtained solutions are correct, we need to 
check that the solutions converge as more terms are included and this will be shown 
in the next chapter.  
 
In the current research, computational code developed from a mathematical model is 
written in FORTRAN. Since it is a very famous computer programming language, 
several matrix solver source FORTRAN codes are available online including the 
Gauss-Jordan elimination method used in this numerical analysis.  The Gauss-Jordan 
elimination method code is taken from Jean-Pierre Moreau's Home Page 
(http://pagesperso-orange.fr/jean-pierre.moreau/). 
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Chapter 4  
Theoretical Prediction 
 
 
 
 
4.1. Introduction 
 
In the previous chapter, the theoretical analysis process was described starting from 
applying boundary conditions to the general solution of the wave equation. Finally, 
the matrix of the system of equations has been constructed and solved by the Gauss – 
Jordan Elimination method in FORTRAN 90. 
 
In this chapter, the theoretical prediction results are presented, to ensure that the 
obtained results agree with both the applied conditions and the experimental 
measurement. First, the prediction results have to satisfy all the boundary conditions 
applied as mention in an earlier chapter. In addition, it is necessary for the results to 
converge, as an increasing number of terms are included. In this chapter we show 
that, first the prediction converges as more term are included in calculation, the 
number of terms used in each region has been increased one step at a time. However 
every step is not shown since the number of terms used is very high. Secondly the 
prediction is shown to satisfy the boundary conditions applied and thirdly, the 
characteristic of the flow field is discussed following by a discussion on the major 
features and possible relation to droplet production. In the first case tested, we 
choose the properties of the commercial atomizer to verify the boundary conditions 
have been satisfied and they are listed in Table 4.1. 
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There are many interesting parameters, which could affect the number of droplets 
produced. For example, the frequency and amplitude of vibration, the atomizer and 
container’s dimensions, and the water depth in which the atomizer operates. All 
these parameters will be investigated by running the computational model with 
different operating conditions, and then the prediction of acoustic properties 
(Pressure and Velocity) will be presented and compared to the experimental results 
in the next chapter. However, not all of these parameters were studied in the 
experimental work; the good agreement in comparison with existing experimental 
results will ensure that the model is working properly. As a result, the model can 
then be useful in the optimization of the atomizer in order to produce the maximum 
number of droplets as required in many applications.  
 
4.2. Convergence 
 
First, the convergence of the prediction results has to be verified so that the results 
can be truncated at a certain number of terms used in each region. However, the 
numbers of terms in each region depend on the physical geometry of the system as 
already mentioned in 3.4. Since we are dealing with a high frequency vibration there 
will be a large number of cut-on modes. The cut-off modes tend to make the matrix 
more singular and so it is important to determine the lowest mode, which is cut-off 
in order to truncate the series at this point. In this case, the wave mode lower than the 
cut-off mode is a progressive wave. The cut-off mode waves will decay and carry no 
energy as they move away. The cut-off mode can be calculated from equation 2.76 
in section 2.3.3. In the calculations, we need to ensure that all cut-on mode waves are 
included. For wave modes higher than the cut-off mode, the axial wave number 
becomes imaginary; according to this, the acoustic properties oscillate with a 
constant phase and amplitude decaying (or growing) exponentially with axial 
direction. Also the exponential decay could happen when the waves travel along the 
axial direction away from the source; therefore, if the distance is long enough, the 
acoustic wave could decay until it does not propagate any further. In our case, the 
axial distance in region 1 is very short and in region 2 is not very long as shown in 
fig 3.1, therefore, the reflected waves are considerably important.  Although the 
reflected waves could affect the acoustic properties, if we can ensure that those 
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waves are cut-off, then we can reduce the impact of such waves. 
 
According to section 2.3.3., we consider each region; region 1 is the smallest area, 
hence the cut-off mode should be the lowest. In contrast, Region 2 is the largest; thus 
the cut-off mode should be the highest among three regions. This leads to a different 
number of terms used in each region, corresponding to the cut-off mode (number of 
terms in region 2 > number of terms in region 3 > number of terms in region 1). If 
there is one term in region 1, at the boundary line between regions 1 and 2 we 
require at least one term in region 2 to satisfy the boundary condition. The same is 
true for region 3 where there are 2 terms; at the boundary we require another two 
terms for region 2. Finally, at the boundary of a solid surface, the atomizer top wall, 
we require at least 1 term to do a collocation as described in chapter 3. Therefore, in 
total the number of terms in region 2 is at least 4 terms.  However, there can be many 
ratios of the number of terms used in these three different regions (R1:R2:R3), for 
example 1:4:2 or 1:6:3. We then chose the first possible ratio, which is 1:4:2, to be 
used in the prediction, as it is the lowest number of terms used in each step compared 
to other ratios. Also if we use the higher ratio, the number of terms in regions 2 and 
3 could reach either the program real number limit or the computer storage limit 
while the number of terms in region 1 does not yet reach the first cut-off mode. 
 
4.2.1. Tap Water 
First, we begin with the commercial atomizer operating with tap water. Its properties 
are listed in Table 4.2, which includes cut-off modes, calculated from equation 2.76, 
for each region. From equation 2.76, we could obtain the maximum value of j’0,n, 
j’0,p, and "’q  for regions 1, 2, and 3, respectively and then the corresponding mode 
giving the maximum value can be obtained from a suitable mathematical table such 
as those in the Handbook of Mathematical Functions with Formulas, Graphs, and 
Mathematical Tables, [Abramowitz et al., 1972].  As already mentioned above, we 
chose the first possible ratio and we start with the lowest number of terms that could 
be in region 1 which is 1 term, followed by double the number of terms in region 1 
which is 2 terms for region 3 and then four times of the number of terms in region 1 
which is 4 terms for region 2. Then the number of terms in region 1 has been 
increased by 1 at each step and also for the other regions, the number of terms has 
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been increased following the same fraction as in the first step. Since the cut-off mode 
of the acoustic waves in region 1 is 16, so we increase the number of terms from 1 to 
15 (last cut-on mode) and then keep going to 16 terms. Since the amplitude of the 
exponential terms growing very quickly; we might reach the limit of the range of 
real number allowed in FORTRAN 90. As a result, the number of terms in region 1 
can be increased up to 15 terms. After 15 terms in region 1, it is kept constant whilst 
the numbers of terms in other regions still increase until they reach the limit of the 
program as shown in Table 4.3.  
 
We note that since we do not know exactly what the material the disk is made of; we 
cannot numerically find its amplitude of vibration. Furthermore this amplitude 
cannot be measured in the experiment without further specialist equipment, which 
could not be obtained in the time or within the budget of this project. Thus, we need 
to assume the amplitude of vibration whereas the other parameters can be either 
experimentally or empirically obtained. As a result, we predict a parameter, which 
strongly affects the parameter measured in the experiment (the number of droplets in 
a certain size range) rather than the measured parameter directly. We can only 
compare the trend of the predicted results to the experimental results. All parameters 
used in the first running test are listed in Table 4.1. 
 
The atomizer dimensions were obtained by measurement of the atomizer, and its 
frequency obtained by measurement and is shown in chapter 5. The container was 
chosen from any available in the laboratory. We initially tried the prediction using 
FLUENT. However it was unable to predict any acoustic properties of the liquid 
medium. From FLUENT, the amplitude of vibration of 8x10-8 m did provide the 
velocity magnitude of approximately 1 ms-1, which is close to the vertical velocity of 
liquid medium on the surface, 1.9 ms-1, [Phanphanit, 2005]. We therefore kept this 
value for the mathematical model. The acoustic wavelength can be calculated from 
equation 4.1 and we obtain the acoustic wavelength of 0.9 mm. 
 
 
! =
c
F                        4. 1 
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where   c is speed of sound (m/s) 
  F is excitation frequency (Hz) 
 
Grid sizes in radial and axial directions used in the calculation need to be smaller 
than the acoustic wavelength, therefore, we chose the grid size to be 0.1 mm for both 
directions. 
 
Disk Radius Rd 0.006325 m 
Atomizer Radius RA 0.02         m 
Container Radius RB 0.048       m 
Level of Disk Zd 0.0231     m 
Atomizer Height ZA 0.0263     m 
Atomizer Base Level Zbb 0             m 
Water Level Zw 0.0363    m 
Frequency of Vibration f 1724137.931 Hz 
Max Amplitude of Vibration amp 8x10-8 m 
Table 4. 1 Dimension and Characteristics of the Commercial Atomizer and the Container 
 
 
Cut-off mode Medium 
Temp 
° C 
Surface 
Tension 
(mN/m) 
Density 
Kg/m3 
Speed of 
Sound 
Ms-1 Reg 1 Reg 2 Reg 3 
Tap Water 20 72.8 998 1481 16 113 66 
Hot Water 46 68.58 989.5 1535 15 109 63 
Cold Water 14 73.64 1000 1460.6 16 115 67 
Salt Water 
3.5% 
20 73.52 1024.2 1527 16 110 64 
Table 4. 2 Liquid Properties and the Cut-off Mode for each Region 
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Table 4.2 illustrates the liquid properties, which were used in our mathematical 
model. All liquid properties can be easily obtained from existing websites for 
example properties of water can be found at www.csgnetwork.com and 
www.engineeringtoolbox.com (2010) and properties of saltwater can be found at 
www.es.flinders.edu.au (2010), http://web.mit.edu (2010), www.kayelaby.npl.co.uk 
(2010) and the study of Chen et al., [Chen et al., 1973]. However, some of them we 
do require an interpolation from existing data to obtain the one that is not provided. 
Table 4.3 shows the ratios of the number of terms used in each region for each step. 
 
N P Q Total N P Q Total N P Q Total 
1 4 2 7 15 68 34 117 15 124 66 205 
2 8 4 14 15 72 36 123 15 124 68 207 
3 12 6 21 15 76 38 129  
4 16 8 28 15 80 40 135  
5 20 10 35 15 84 42 141  
6 24 12 42 15 88 44 147  
7 28 14 49 15 92 46 153  
8 32 16 56 15 96 48 159  
9 36 18 63 15 100 50 165  
10 40 20 70 15 104 52 171  
11 44 22 77 15 108 54 177  
12 48 24 84 15 112 56 183  
13 52 26 91 15 116 58 189  
14 56 28 98 15 120 60 195  
15 60 30 105 15 124 62 201  
15 64 32 111 15 124 64 203  
Table 4. 3 Number of Terms in each Region for each Step; N, P and Q are the Terms in Regions 
1, 2 and 3, respectively. 
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We chose to check the convergence of the acoustic velocity at the central axis 
because at this location there is no radial component of velocity, Vr=0. It also allows 
the advantage of checking both the axial and absolute velocity at the same time. The 
values of acoustic axial velocity at a certain location (R=0 and Z=ZA) against the 
total number of terms are shown in fig 4.1.  
 
 
Fig 4. 1 The Convergence on Real Part of the Axial Velocity for Tap Water 
 
As can be seen from fig 4.1, the theoretical model predicts values very close to 0  
ms-1 with fewer than 100 terms, the values are almost constant from 10 terms until 
100 terms, in agreement with expectation. The predicted maximum value of the real 
part of the axial velocity for the whole region was observed to be approximately 0.5 
ms-1, therefore, the predicted velocity in fig 4.1 value is only 0.001 % of the 
maximum value for fewer than 100 terms. Despite this, it seems to be converged for 
fewer than 100 terms, but has fluctuations after 100 terms until 201 terms. It starts to 
converge again at 201 terms with values of just over -0.01 ms-1; however, its 
fluctuation parts still give less than 10% error from the maximum value (maximum 
at 165 terms) compared to the values obtained for fewer than 100 and over 201 
terms. 
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We now look closely at the value after 105 terms in total. 105 terms is where we 
reach the cut off mode in region 1, we then kept the n-term constant and increase 
only p-term and q-term with the same fraction. The system might be interrupted by 
changing the ratio of terms increased in each region, causing the values to diverge 
but then it tries to re-converge when the p-term is close to the cut-off mode, when 
the total number of terms of 189. This time we do not reach the limit of the program; 
therefore, we could keep increasing the number of p-term. However, the result again 
starts to diverge and re-converge until we stop increasing the number of p-term but 
still increasing the number of q-term; the result is completely converged and it is still 
within 10% error from the value when the number of terms is lower than 100. 
 
As the number of terms increases, especially the terms after the cut-off mode, the 
corresponding components, which were added on the matrix, are very small. This 
makes the determinant of the matrix becoming very close to zero value; sometimes 
even being zero. However, we suspect that it is because of the limit of the computer 
accuracy in showing the results. We expect that if we use larger computer storage, 
the determinant could be shown as some other values instead of zero. Although it 
seems likely that we could use fewer than 100 terms, the absolute acoustic pressure 
along ZA from the centre to the outer edge does not satisfy the pressure boundary 
condition yet. The pressure boundary condition has been investigated against the 
total number of terms, the result will be shown separately in, figs 4.2 (a)-(u), since 
there are many terms involved. The data shown by the blue line is the pressure along 
ZA calculated from waves C and D for regions 1, 2 and 3, while the data indicated by 
the red line is the pressure along ZA, which is calculated by waves A and B for 
radius between 0 to Rd (region 1) and by waves E and F (region 3) for radius 
between RA to RB. Therefore, we denote the blue line as CD (waves C and D) and 
the red line as AE (waves A and B and waves E and F). To satisfy the pressure 
boundary conditions and converged results, the absolute acoustic pressure is 
obviously requires with more than 100 terms. Additionally, we need to obtain the 
number of terms that enable both converged results and satisfy the pressure 
boundary conditions. 
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 (s) 
 (t) 
       (u)  
Fig 4. 2 (a)-(u) The Real Part of the Pressure along the Atomizer Height across the Central Axis 
to the Container for Various Values of Total Number of Terms
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All these graphs show the value of absolute acoustic pressure of acoustic medium 
along Z=ZA from the centre line to the outer edge. There are 2 sets of data in each 
graph; both of them are the real part of the acoustic pressure; however the red line is 
calculated by wave A and wave B for region 1, wave C and D for region 2 along 
solid wall, and wave E and F for region 3. The blue line is calculated by wave C and 
wave D for the boundary between all regions (1, 2, and 3) across the whole 
geometry. The pressures from two lines along the atomizer surface are always equal 
since they both are calculated from waves C and D, so we do not need to discuss 
them. The areas of interested are the distance inside the radius of the disk and 
between the radius of atomizer and the container. We start from the first graph of this 
set of figures, fig 4.2 (a), the total number of terms used initially was 7 terms (n=1, 
p=4, and q=2). Inside the areas of interested, the two pressures are totally different, 
the pressure calculated from waves C and D seems to be almost constant through out 
the whole geometry; however, the pressure calculated from waves A and B has more 
variations. In the disk region, the magnitude of pressure calculated from A and B 
waves are higher than the pressure from C and D waves. On the contrary in the 
annulus area, both pressures are similar in magnitude but different in sign. The blue 
one is positive throughout the area whilst the red one has a more negative value; 
however, at the outer container, they have the same value. Figs 4.2 (b), (c), and (d) 
illustrate the pressures from 14, 21, and 28 terms, respectively. As can be seen, the 
pressures fluctuate more, especially the pressures from E and F waves, as more terms 
are includes. Additionally, more fluctuations occur in the annulus area and they 
oscillate with higher amplitude as more terms are used. For 35, 42, and 49 terms in 
figs 4.2 (e), (f), and (g), both pressures start to equalize each other; though we can 
still see the small difference for 35 terms but not in 42 and 49 terms. Then again the 
pressures oscillate more with also higher amplitude as more terms are includes in the 
annular region, in contrast, the pressures in the disk area are more constant. In fig 4.2 
(h), the constant pressures in the disk area start to oscillate and become different 
from each other at the sharp corner of the atomizer. For 63 terms in fig 4.2 (i), the 
largest difference can be seen here; they are different almost throughout the annulus 
area. Moreover, the amplitudes of each pressure are significantly different. Figs 4.2 
(j) – (p) illustrate the pressures for 70 -129 terms, the area of the difference and also 
the local magnitude difference in pressure are smaller as more terms are included. 
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Especially, for 129 terms, the big difference can be only seen at a radius of 0.02 m, 
the atomizer corner. For 177 terms and more in fig 4.2 (q) – (u), the difference starts 
growing larger and in comparison to other local pressures, the E and F waves 
pressure is the highest at the atomizer corner. At 201 terms they are both completely 
equal except for the pressures at the atomizer outer corner that are still different; the 
sharp corner of the atomizer could be the reason why they are different. To avoid this 
error, the acoustic properties in this area were neglected. As a result, the predictions 
are converged and also satisfy the pressure boundary conditions at the boundary line 
between all regions (1, 2, and 3).  However, there are some more boundary 
conditions to be investigated and they will be illustrated later in this chapter.  
 
In conclusion for tap water, when more terms are included, although the pressure 
boundary is not completely satisfied yet, the two sets of the absolute pressure 
calculated by different waves are more likely to be equal. However, there is still one 
part at 0.02 m where the 2 sets of the pressure are totally unequal. Even though the 
total number of 201 terms provides a converging result and also the results satisfy the 
boundary conditions for the specific parameter shown in table 4.2, the total number 
of terms used is required to be verified if the parameters of the atomizer and 
conditions have been changed.  
 
4.2.2. Hot Water 
We now take a look at the convergence for the hot water; its properties are shown in 
Table 4.2. The operating conditions were similar to the one for the tap water shown 
in Table 4.1. The step of increasing number of terms is the same (1:4:2).  However, 
the last cut on mode for regions 1, 2 and 3 for the hot water are 14th, 108th and 62nd 
terms, respectively. Similar to tap water, we check the convergence of the predicted 
result for the axial velocity at the centre on the atomizer level (R=0 and Z=ZA).  
 
Fig 4.3 illustrates the convergence check. As can be clearly seen from fig 4.3, the 
model gives zero axial velocity to a high degree of accuracy for fewer than 104 terms 
(14-60-30). After we stopped increasing the n-term, the result starts diverging and 
then it re-converges when the p-term nearly reaches the cut-off mode. After the p-
term overcomes the cut-off mode, the result diverges and then re-converges 
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completely when we stopped increasing the p-term. The trend of the result is very 
similar to the one we obtained for the tap water. However, the maximum error at 194 
terms is still less than 10% from its maximum value (2.6 ms-1) compared to the 
values obtained at number of terms fewer than 100 terms.  
 
 
Fig 4. 3 The Convergence on Real Part of the Axial Velocity for Hot Water 
 
4.2.3. Cold Water 
This section is for the cold water; its properties are listed in Table 4.2. The operating 
conditions were the same as shown in Table 4.1. The number of terms was increased 
with the same fraction as we did for the tap water and the hot water. The cut-off 
modes for each region are shown in Table 4.2. We also checked the convergence for 
the axial velocity at the same location (R=0 and Z=ZA) as the one we used for the tap 
and hot water.  
 
The predicted result for fewer than 100 terms gives very good agreement expectation 
because they are almost a straight line. The result then fluctuates with a maximum at 
201 terms. The n-term was increased up to 15 terms, the last cut-on mode for region 
1. The p-term was increased up to 128 terms, the last number before the program hit 
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the limit. Thereafter, the q-terms were kept increasing and the result completely 
converged. From the graph on fig 4.4, it seems that for the cold water, the result does 
not re-converge like others when the p-term almost reach the cut-off mode. However, 
the error is still very small (less than 10 % from its maximum value), comparing to 
the value at both less than 100 terms and higher than 200 terms.  
 
 
Fig 4. 4 The Convergence on Real part of the Axial Velocity for Cold Water 
 
To conclude from three different types of liquid media, the predicted axial velocities 
converge well for fewer than 100 terms, which is the last cut-on mode for region 1. 
Then as we stopped increasing the n-term; the results seem to diverge. However, they 
re-converge when the number of terms in region 2 almost reaches the cut-off mode. 
The results start to diverge when we stopped increasing the p-term; however, they 
converge again as the q-term is increased. Despite converging for fewer than 100 
terms, there is another boundary condition: pressure boundary condition along 
boundary line among regions 1, 2, and 3, which the prediction should also satisfy. In 
section 4.2.1., we showed that the pressure boundary condition for the tap water is 
satisfied when a very high number of terms are used. Therefore, the number of terms 
to be used in order to obtain the converged result and satisfy the pressure boundary 
condition need to be relatively high; we decided to use the highest number of term in 
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each region that the program can still run in order to include all the wave modes 
occurring in acoustic waves.  
 
4.3. Boundary Conditions 
 
In the previous section, the tap water results were verified that they meet the 
convergence criteria with 201 terms, (15-124-62), and also satisfy the pressure 
boundary condition along the boundary line between all regions (1, 2, and 3). In this 
section, there are several more boundary conditions to be checked whether the results 
satisfy especially the acoustic velocity on the solid walls. We start with the acoustic 
velocity at the solid surface of the piezo-ceramic disk. Then the normal velocity to 
the solid walls will be investigated beginning with region 1, then 2, and 3. Next the 
acoustic pressure boundary condition will be verified; we will look at the water top 
surface and additionally, the pressure between regions will be shown separately later 
in this section. As already mentioned in section 4.2, we used the maximum number 
of terms that the program can still run with and that needs to increase with the same 
ratio, (1:4:2). Therefore, we chose n=15, p=124 and q=64 because we would like to 
make sure that all propagating modes are included. 
 
The first thing to be shown is the acoustic velocity at the disk surface. The disk is 
assumed to have cosinusoidal shape vibration with a maximum at the centre and zero 
velocity at the outer edge because the disk is clamped at the outer edge. Fig 4.5 
illustrates the acoustic instantaneous velocity of the acoustic medium at the disk 
surface, as can be seen, it has a very nice cosinusoidal shape. Although its maximum 
is slightly off the centre, it is zero at the outer edge as we expect.  
 
Fig 4.6 illustrates the real part of each velocity components, the axial velocity and 
the radial velocity. In one of the boundary conditions, we match the disk velocity to 
the axial velocity of the acoustic medium at the liquid and solid interface; therefore, 
the real part of the axial velocity distribution at the interface has a cosinusoidal shape 
as we expect, the dark blue line in fig 4.6. The red line is the real part of the radial 
velocity. It has a sinusoidal shape; the highest value at the centre and decreases as the 
distance increases as we expect, following the Bessel function. 
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Fig 4. 5 The Velocity Vectors of Liquid Medium on the Disk 
 
 
Fig 4. 6 The Real part of the Axial Velocity and Radial Velocity of Liquid Medium on the Disk 
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Then the normal velocities to each rigid wall are presented, first, at the disk wall, 
(Rd=0.006325), inside region 1, the contour of radial velocity is shown in fig 4.7 and 
it can be seen that the radial velocities along the wall (the black vertical line on the 
right hand side) are zero. Next, the contour of axial velocity inside region 2 is 
illustrated in fig 4.8 and fig 4.9 presents the graph of the axial velocity along ZA from 
its centre to the container wall. We magnify some parts of the contours in order to 
make them easy to be seen at the boundaries as shown in figs 4.8 and 4.10. It can be 
clearly seen from both of fig 4.8 and 4.9 that the axial velocities along the atomizer 
top surface from the radius of 0.006325 m to 0.02 m are zero. Also at the container 
vertical wall (RB=0.048 m), fig 4.10, illustrates the contour of the radial velocity, and 
shows that the radial velocities along the wall are zero.  
 
 
Fig 4. 7 The Contour of Real Part of the Radial Velocity inside Region 1 
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Fig 4. 8 The Contour of Real Part of the Axial Velocity inside Region 1 
 
 
Fig 4. 9 The Real Part of the Axial Velocity along the Atomizer Height 
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Fig 4. 10 The Contour of the Real Part of the Radial Velocity inside Region 2 
 
 
For region 3, there are 3 different walls; 2 of them are vertical walls at RA and RB 
and another one is horizontal at Zbb; therefore, the part of the contours of the real 
parts of the radial velocity and axial velocity have been magnified and presented in 
figs 4.11-4.13. As can be seen from figs 4.11 and 4.12, the real part of radial 
velocities at the two vertical walls are zero. For the horizontal wall at the bottom 
surface inside region 3, the contour of the real part of the axial velocity is plotted in 
fig 4.13; the contour is expanded close to bottom surface in order to see that the 
velocities are zero at the wall. Figs 4.7-4.13 show that the boundary conditions of 
rigid walls are well satisfied at every wall in all regions; the next the boundary 
condition to be verified will be the acoustic pressure. 
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Fig 4. 11 The Contour of the Real Part of the Radial Velocity inside Region 3 on the Area of the 
Right Hand Side Wall 
 
 
Fig 4. 12 The Contour of the Real Part of the Radial Velocity inside Region 3 on the Area of the 
Left Hand Side Wall 
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Fig 4. 13 The Contour of the Real Part of the Axial Velocity inside Region 3 
 
 
There were 3 pressure boundary conditions applied in the mathematical model; the 
first one is acoustic pressure at the top surface of water is zero since it was open to 
the air, the second and third one are the pressures along the atomizer height (ZA) 
from the centre to the edge of the disk and the edge of the atomizer to the container 
wall, respectively, these are equal between 2 regions. The first pressure boundary 
condition has been shown in fig 4.14 and it could confirm that this boundary 
condition is satisfied as it can be clearly seen that at the top surface the absolute 
pressure is zero. 
 
Graphs of the real part of the pressure along ZA are plotted and shown in figs 4.15 
and 4.16 for the second and third pressure boundary conditions. There are 2 data sets 
of the real part of pressures; in the first graph, one is predicted by 2 waves; A and B, 
in region 1 and another one is calculated by 2 waves; C and D, in region 2, for the 
second graph, one is predicted by 2 waves; C and D, in region 2 and another one is 
calculated by 2 waves; E and F, in region 3.  
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Fig 4. 14 The Real Pressure on the Top Surface inside Region 2 
 
 
Fig 4. 15 The Real Pressures Calculated from Waves AB and CD along the Atomizer Height 
from the Central Axis to the Distance of the Disk Radius 
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 Fig 4. 16 The Real Pressures Calculated from Waves CD and EF along the Atomizer Height 
from the Outer Radius of the Atomizer to the Container 
 
Since the top surface of the geometry was opened to the air; thus the acoustic 
pressure needs to be zero at the liquid medium surface. Fig 4.14 illustrates the 
acoustic pressure in region 2, as can be seen, the pressure is absolutely zero indicated 
by the green colour on the colour scale. Next, at the boundary line between three 
regions (1, 2, and 3), the acoustic pressure needs to be equal. Therefore, we show the 
graphs of the acoustic pressure predicted by different waves from each region. The 
predicted pressures have been separated into 2 graphs; one is between region 1 and 2 
(fig 4.15) and another one is between region 2 and 3 (fig 4.16). The red line on both 
graphs is the predicted pressure calculated from wave C and D in region 2. The blue 
line is the predicted pressure calculated from wave A and B in region 1 in fig 4.15 
and wave E and F in region 3 in fig 4.16. Fig 4.15 illustrates that the two pressures 
are exactly equal thus satisfying the pressure boundary condition. The acoustic 
pressures along the boundary line between region 2 and 3 are shown in fig 4.16, as 
can be seen, the predicted pressures satisfy the pressure boundary condition only at 
the area next to outer wall. In the remaining area, they are not exactly equal but do 
not differ by very much. However, within the distance of 0.02 m to 0.022 m, they are 
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different because the prediction from wave E and F is very close to the sharp corner 
of the ultrasonic atomizer while the predicted pressure from wave C and D is 
calculated straight outward from the central axis. If we could ignore the small area 
that cause the high ringing for the predicted pressure from wave E and F, then we 
will reduce the error from the predictions.  
 
However, in order to make sure that the boundary condition is well satisfied 
throughout the boundary line, we then try another test with an increasing q-term 
only. It had 64 terms in the first run and now has 68 terms. The results for the 
pressure boundary are shown in figs 4.17 and 4.18. For 68 q-terms, both graphs now 
satisfy the pressure boundary condition. Additionally, they also confirm that an 
increase in the number of q-terms does not alter the result on the boundary line 
between regions 1 and 2; as we found in the convergence checking in section 4.2.  
 
 
Fig 4. 17 The Real Pressures Calculated from Waves AB and CD with the q-term of 68 Terms 
along the Atomizer Height from the Central Axis to the Distance of the Disk Radius  
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Fig 4. 18 The Real Pressures Calculated from Waves CD and EF with the q-term of 68 Terms 
along the Atomizer Height from the Disk Outer Radius to the Distance of the Container  
 
In conclusion, the predicted results from our theoretical model satisfy all the 
boundary conditions very well. Therefore, we could apply the theoretical model to 
our experimental conditions in order to compare with the experimental results, which 
we will show in a later chapter. 
 
4.4. Characteristics of the Flow 
 
In the previous sections we showed that the mathematical model satisfies the 
boundary conditions and converges. For the commercial atomizer, to meet those two 
important conditions, we used 203 terms in total, (15-124-64). In this section, we 
now consider the characteristic of the flow in order to study what the flow looks like 
by looking at the velocity vectors of the acoustic medium. First we start from the 
source of acoustic wave, the piezo ceramic disk, for convenience, we then separate 
the whole geometry into 5 regions as shown in fig 4.19. The velocity vectors for the 
whole geometry are shown in fig 4.20. 
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Fig 4. 19 The Picture of 5 Regions used for the Characteristics of the Flow Discussion 
 
 
 
Fig 4. 20 The Velocity Vectors of Liquid Medium for the Whole Geometry 
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Fig 4.20 shows the whole geometry for a water depth of 10 mm above the atomizer. 
The greatest velocity magnitude is located at the centre axis where we can see the red 
velocity vector. The second greatest one is at the atomizer corner which we could 
ignore as the sharp edge could cause an error in our results. The velocity magnitude 
in region 2 is very small comparing with the velocity magnitude in the other two 
regions. 
 
 
Fig 4. 21 The Velocity Vectors inside Region 1 
 
 
We now look at the flow in each of regions 1 to 5 in more detail. Fig 4.21 illustrates 
the velocity vectors in region 1; the region where the piezo ceramic disk which 
drives the flow field is located. A number of important features are seen in the figure. 
First, at the instant shown the upward motion of the disk gives rise to mostly vertical 
vectors in region 1. Since the shape of the moving disk is cosinusoidal, the velocity 
vectors nearest to the disk have an almost cosinusoidal profile with the greatest 
magnitude in the centre, r=0. Vectors slightly off centre have a small component 
radially outwards towards the atomizer wall. However, unsurprisingly, the effect of 
the outer wall results in purely vertical flow on the atomizer wall itself. Secondly, the 
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combined effect of the boundary between region 1 and 2, the atomizer wall and the 
water surface on region 2, is to give a wave-like structure with both radial and 
vertical modes. There are no circumferential modes because the disk moves axi-
symmetrically and the theory, therefore, assumes that the flow is axi-symmetric.  
 
 
Fig 4. 22 The Velocity Vectors inside Region 2 
 
 
We can now look in more detail at the flow field in region 2, which is shown in fig 
4.22. We note that the colour scales in figures 4.21 and 4.22 are different in 
magnitude. As can be seen, we can separate the flow field into two areas; R * 0.001 
mm and R > 0.001 mm. In the first area, R * 0.001 mm, the velocity magnitudes 
inside this area are more intense compared to the velocity magnitude in the other 
area. Additionally, the size of this area, r = 0.001 mm, corresponds to the dimension 
of the observed round water fountain with a radius of 0.001 mm, [Phanphanit, 2005]. 
In the second area, R > 0.001 mm, the velocity magnitude decreases as the distance 
from the centre increases. Most velocity vectors consist of both radial and vertical 
components. Especially, at the right hand boundary, they are almost horizontal 
because the flow is transferred to the right towards the container wall. 
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The velocity vector in region 3 is shown in fig 4.23; its colour scale on the right hand 
side is a considerably lower than the one in fig 4.22. Therefore the vector with the 
green colour in fig 4.23 has even lower value than the blue vector in fig 4.22. As can 
be seen, the velocity vectors are very random in direction; however, we could see 
more acoustic structure; a lot of both compressed and extended areas. 
 
Fig 4.24 illustrates velocity vectors in region 4. The colour scale is similar to the one 
in the previous region. At a distance of 15 mm away from the container wall, the 
velocity magnitudes are very intense and vertical. Due to the effect of the container 
wall, the flow then tries to bend upward and downward, leading to an increase in the 
magnitude of the velocity. 
 
 
 
Fig 4. 23 The Velocity Vectors inside Region 3 
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Fig 4. 24 The Velocity Vectors inside Region 4 
 
 
Fig 4. 25 The Velocity Vectors inside Region 5 
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The velocity vectors in region 5 is shown in fig 4.25, it is seen clearly that there are 
many wave modes concerned due to high frequency vibration. However on the top 
left wall, the velocities are too high; since it is the sharp corner. This might cause an 
error in the predicted results; we therefore neglect the results in this area. The 
velocities in this area have very high values because they could achieve its resonance 
inside the annulus area. 
 
In conclusion, it seems that the acoustic velocity inside region 1 has an important 
role in generating the water jet and the break up into millions fine drops because of 
the straight upward vectors with the greatest velocity magnitude comparing to the 
velocity vectors in other areas. However, there are some other interesting parameters 
that we need to investigate in order to find a correlation to the number of droplets 
generated in a required size range. The acoustic pressure is one such interesting 
parameter; the maximum pressure magnitude could also be the source of all tiny 
drops generated or it could be the source of energy that is used in droplet break up. 
Not only the maximum pressure magnitude, the integral of pressure with respect to 
radius along the boundary line between the disk area and the top area could also be 
the main force transferred to water surface. The force then separates droplets from 
the liquid bulk. The last interesting parameter that could be related to the number of 
droplet is the power. All the results for these parameters will be shown in chapter 7. 
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Chapter 5  
 
Experimental Apparatus 
and Procedure 
 
 
 
5.1.  Introduction 
 
In the two previous chapters we presented the theoretical analysis and constructed 
the mathematical model in order to predict the acoustic properties for the geometry 
corresponding to our experiments. Therefore, in this chapter we explain our 
experimental apparatus. The most important device is the ultrasonic atomizer. In our 
experiment we investigated two different ultrasonic atomizers: a commercial 
ultrasonic atomizer and a modified ultrasonic atomizer. The measurement device 
used in the experiments was a Phase Doppler Anemometer. More details of each 
device are given in the following section. In the last section we then present the 
experimental procedures. The objective of our experiments was to characterize the 
atomization spray and to verify the predicted results from the mathematical model. 
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5.2. Experimental Apparatus 
 
5.2.1. Ultrasonic Atomizers 
As already mentioned, we used two different ultrasonic atomizers. The main 
difference between these two atomizers is that the commercial atomizer has a fixed 
frequency of vibration; however, the modified atomizer was built with the ability for 
its frequency and supplied voltage to be varied. Each atomizer is described in the 
next two sections. 
 
5.2.1.1. The Commercial Atomizer 
The atomizer used in this study was of a type used as a ‘fog’ generator for tropical 
aquariums. These, while not ideal for the subject under investigation are cheap, easy 
to obtain and compact.  They are based upon a piezo transducer made from a Lead 
Zirconate Titanate (PZT) disk, such transducers work upon the principle that a 
voltage applied along the axis of the disk causes it to expand and contract at a 
frequency given by: 
 
 
fs =
N3D
h           5. 1 
 
Where fs     is the resonance frequency (Hz) 
 
N3D  is a thickness mode resonance frequency depending upon material 
(Hz#m)  
h      is the thickness of the disk (m) 
 
Figs 5.1 and 5.2 show the pictures of the commercial ultrasonic atomizer and its 
components. The thickness of the disk is 1.27 mm and other dimensions are 
illustrated in fig 5.3.  
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Fig 5. 1 The Commercial Atomizer: Top view
 
 
Fig 5. 2 The Commercial Atomizer: Side view 
 
 
 
 
 
 
 
 
 
 
Fig 5. 3 The Components of the Commercial Atomizer 
 
 
 
 
 
/=40 mm 
 
/=12.65 mm 
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Since the commercial atomizer does not come with detailed performance 
characteristics, Phanphanit assumed the frequency to be 1.41 MHz, [Phanphanit, 
2005]. In this research a frequency test was performed in order to confirm the actual 
frequency of the commercial atomizer. Fig 5.4 shows the graph of the voltage 
supplied to the disk. The horizontal axis is the time and each horizontal interval is 
equal to 200 ns.  
 
 
Fig 5. 4 The Cycle of the Supplied Voltage for the Commercial Atomizer 
 
We obtain the frequency of vibration by timing a cycle of the voltage supplied, 
which is denotes by the two vertical lines; 1 and 2. The frequency is equal to 1 over 
the period of time for the voltage cycle. From fig 5.4, the period of time between 
lines 1 and 2 is equal to 580 ns; thus, the frequency of vibrating disk for the 
commercial atomizer is 1.72 MHz. Hence, N3D can be obtained by substituting the 
frequency and the disk thickness into equation 5.1 and its value becomes 2189.65 
Hz#m.  
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5.2.1.2. The Modified Atomizer 
The second ultrasonic atomizer that was used was made by university technicians. 
Its picture is shown in fig 5.5, together with its components. The actual atomizer 
consists of a cylindrical brass body, inside is a nylon spacer/electrical insulator, on 
top of which is placed a rubber ‘o’ ring. The piezo disk is seated on top of the ‘o’ 
ring and secured by a cover plate and 4 screws. Electrical contact is made by means 
of a steel spring situated between the centre of the piezo disk and the nylon insulator. 
Power is provide via a cable attached to the spring. 
 
The ‘o’ ring is provided to both seal the atomizer against the working fluid and to 
provide a resilient foundation that will allow the piezo disk to expand and contract. 
The commercial atomizer used in the previous study operated at 1.41 MHz, 
[Phanphanit, 2005], the thickness mode resonance frequency can be obtained from 
equation 5.1 and it was approximately 1790 Hz#m. We ordered the same material 
disk as used in the commercial atomizer but with a thickness of 0.0008 m for the 
modified atomizer; therefore the calculated resonance frequency was obtained from 
equation 5.1 to be 2.24 MHz. 
 
 
a) 
 
/=12 mm 
 
/=40 mm 
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b) 
 
                 
 c) 
 
Fig 5. 5 The Modified Atomizer a) Top view b) Side view c) Its Components
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The diagram of the ultrasonic atomizer is shown in fig 5.7, 
 
 
Fig 5. 7 The Diagram of the Ultrasonic Atomizer and its Power Driver 
 
As can be seen from fig 5.7, the piezo disk is connected to a power driver with 
variable voltage and current. There are two generators; a sine wave frequency 
generator (1.5 MHz – 3 MHz) and a variable frequency Mark/Space pulse 
generator (1 Hz – 100 kHz). The sine wave generator will provide a continuous 
sine wave to the power driver and make the atomizer operate continuously. The 
pulse generator provides a variable square wave that, through a digital switch, 
will switch the continuous wave supplied by the signal on and off thereby 
providing a pulsed operation. Pulsed operation is selectable via a manual switch.  
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5.2.2. Phase Doppler Anemometer 
In our study we used Phase Doppler Anemometry, (PDA), because it has the 
property of being able to measure both velocity and size of droplets. In this 
section we explain more details of the PDA; its components, the principle of the 
PDA, and how to use it. 
 
PDA gives a simultaneous measurement of particle velocity and size. It is an 
extension of Laser Doppler Anemometry, LDA, which is used for velocity 
measurement. PDA consists of a set of transmission optics, which are exactly the 
same as in LDA, and receiving optics, which has either two or three detectors, 
compared with LDA which has only one detector as shown in fig 5.8. The 
velocity is calculated from the frequency of the droplet bursts. Although velocity 
is measured using the same technique as for LDA, particle size measurement 
relies on comparing signals from multiple detectors, which are located at 
different scattering angles. A particle scatters light from two incident laser beams 
and both scattered waves interfere in space and create a beat signal with a 
frequency, which is proportional to the velocity of the particle as shown in fig 
5.9. PDA detectors detect the signal with different phases. The phase difference 
between the signals received by each detector is proportion to the particle 
diameter, which we will explain later in this section.  
 
The laser is split into two beams and then passed through a convex lens after 
which they cross over at the focus of the lens as shown in fig 5.10. At the 
crossing point or, as we call it, a measurement control volume, (MCV); there is a 
number of optical fringes occurring inside the MCV and their spaces, (0x), can 
be obtained from the light wavelength and the beam angle.  
 
 
!x = "
sin #2
$ 
% 
& 
' 
               5. 2 
 
where  $ is the wavelength of the laser light 
 + is the included beam angle 
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These fringes are used to measure the velocity component, which is parallel to 
the plane of the fringes. The velocity is determined by the intensity of the 
scattered light when a particle passes through the MCV. The scattered light 
fluctuates in intensity with a frequency equal to the velocity of the particle 
divided by the fringe spacing. The scattered lights interfere in space and create a 
beat signal with a frequency, which is proportional to the velocity of the particle. 
The signal is collected by one or three detectors for LDA or PDA, respectively. 
The velocity measurement requires only one detector while particle size 
measurement requires more than one detector as already mentioned. The 
principle of the size measurement of PDA is that one detector detects 
alternatively light and dark fringes with a droplet frequency due to the light 
refraction from the droplet. Two detectors placed at different angles will detect 
the scattered light at the same frequency with a relative phase shift. The 
measured phase shift is proportional to the droplet diameter as show in fig 5.11, 
illustrating three different phase shifts from three particles with different sizes 
and diameters.  
 
 
Fig 5. 8 The Phase Doppler Anemometry, [www.Dantectdynamics.com] 
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Where   # is beam intersection angle 
   % is scattering angle 
   - is elevation angle 
 
 
Fig 5. 9 The Scheme shows how the Incident Beams are Transmitted and their Reflections, 
[www.Dantectdynamics.com] 
 
 
 
 
Fig 5. 10 The Optical Fringes at the Beams Crossing Point, [www.Dantectdynamics.com] 
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Fig 5. 11 The Three Different Size Droplets pass through the Optical Fringes, 
[www.Dantectdynamics.com] 
 
As can be seen from fig 5.11, the phase difference increases with increasing 
particle size. Since phase is a modulo 2, function, it cannot exceed 2 ,. The first 
two-phase shifts are within 2, but the third one is larger than 2,. Therefore the 
system will not be able to tell whether the third drop has a diameter of D3 or D3’, 
we call this a 2, ambiguity. For this reason the third detector is used for 
resolving the ambiguity from the first pair of detectors; 1 and 2. The third 
detector is placed closer to the first detector as shown in fig 5.12; reducing the 
distance between the two detectors can extend the particle size range. The second 
pair of detectors; 1 and 3, will be able to confirm the phase shift, which is larger 
than 2, as shown in fig 5.13. 
 
  
 
165 
 
Fig 5. 12 The Locations of Three Detectors, [www.Dantectdynamics.com] 
 
 
 
Fig 5. 13 The Graph of Phase Different against Diameter, [www.Dantectdynamics.com] 
 
 
Fig 5.13 shows the graph of droplet diameter against phase difference, which is 
derived from the phase different between the signals from two detectors. Its 
detail can be seen more in measurement principles of PDA, 
[www.dantecdynamics.com, 2007]. Fig 5.14 illustrates the diagram of the PDA 
system used in this study. It uses a 150 mW single line Argon Ion laser (air 
cooled) and the light wavelength is 514.5 nm. 
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A – The Laser Source 
B – The Transmitting Object 
C – The Measurement Control Volume 
D – The Receiving Object 
E – The Photo Detector 3 
F – The Photo Detector 1 
G – The Photo Detector 2 
H – The Signal Processor 
I – The Oscilloscope 
J – The Computer 
Fig 5. 14 The Schematic of PDA System 
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5.3. Experimental Procedure 
 
In this section we describe the experimental procedure including the 
experimental set up and the parameters affecting the spray that we investigated. 
Additionally, there were a few problems, which occurred during the experiment 
that we report here together with the solution that could help us to obtain better 
results.  
 
The original objective of our study was to try to alleviate the global warming by 
atomization of salt water acting as a cloud condensation nucleus. This will help 
reflect back the UV radiation from the sun, leading to a decrease in global 
temperature as mentioned in chapter 1. Therefore we try to achieve the operating 
condition that gives the maximum number of droplets. The mathematical model 
is used in order to be able to predict the outcome of the spray. Then we can use 
the model to optimize the ultrasonic atomizer and operating conditions. We 
require some experiments in order to verify our model is suitable. Since our 
model cannot predict the number of droplets generated, we have to find the best 
correlation between the measured number of droplets and the predicted acoustic 
properties. We thus require several experiments with variation of the factors 
influencing the acoustic properties. Not only the experiments for the verification 
of the mathematical model, we also have additional experiments, which could 
help us in proving that all existing relations between the characteristics of the 
droplets and other factors are true.  
 
5.3.1. Factors affect the Characteristics of the Spray 
What we look at for each test are the characteristics of the spray; the droplet 
velocity, the droplet size and the number of droplets detected by the PDA. There 
are many interesting parameters that can affect the characteristics of the atomized 
spray. There is no study that we know of that presents a correlation of droplet 
velocity and the initial operating conditions. However, the acoustic velocity of 
particles on the liquid surface can be theoretically calculated by the wave 
equation and it is dependent on amplitude of vibration together with other 
boundary conditions as shown in chapter 3. The droplet size is dependent on 
liquid properties and frequencies of vibration as already described in chapter 2. 
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These two values; the droplet velocity and the droplet size, can be experimentally 
investigated by varying the related factors. Then we can compare the 
experimental results to the theoretical and the empirical results for both the 
velocity and size.  
 
The number of droplets generated is the most important one because if we would 
like to achieve what we expect that ultrasonic atomizer to be used to alleviate 
Global Warming, we require the ultrasonic atomizer to produce the maximum 
number of droplets in a required size range. However, there is a lack of any study 
that report either the theoretical or the experimental correlation of the number of 
droplets to liquid properties or operating conditions. Therefore, in our study we 
investigate the factors that influence the number of droplets. For the number of 
droplets, we will compare the experimental results to the theoretical results 
obtained from the mathematical model in chapter 3. However we can only relate 
the number of droplets to the calculated acoustic properties; acoustic velocities, 
acoustic pressures and acoustic powers, since there is nothing directly 
contributing to the number of droplets generated. We now explain more about all 
the factors that we will investigate in the next section. We classify these factors 
in two major groups: the design of ultrasonic atomizer and the liquid properties. 
 
5.3.1.1. Designs of Ultrasonic Atomizer 
Frequency 
Frequency of vibration plays an important role in determining the droplet size, 
[Lang, 1962]. We therefore studied several vibrating frequencies. The 
commercial atomizer has a fixed frequency of 1.72 MHz as shown in section 
5.2.1.1. The modified atomizer was tested with a range of 2.2 – 2.36 MHz near 
its predicted resonant frequency of 2.24 MHz. 
 
Liquid Depth 
Phanphanit, [Phanphanit, 2005], experimentally studied the number of droplets 
generated by an ultrasonic atomizer at 1.41 MHz. She concluded that at a 30 mm 
depth of water above the atomizer, the atomizer produced the maximum number 
of droplets. This parameter also plays an important role in the mathematical 
model, since the acoustic properties are very sensitive to all factors including the 
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liquid depth. We therefore studied the effects of the depth of liquid above the 
atomizer on the number of droplets both in order to find the optimal parameters 
and also for verification of the model. The commercial atomizer has a sensor 
detecting the level of water. The water height needs to be at least 10 mm above 
the disk otherwise it will stop working in order to prevent damage of the disk 
caused by overheat due to lack of water. The commercial atomizer worked well 
when we continuously increased the water depth until the water level reached 60 
mm at which point, there was no fountain or droplets generated. Thus, we chose 
to study the liquid level in a range of 10 – 50 mm above the atomizer. 
 
Supplied Voltage 
The supplied voltage influences amplitude of vibration of a disk; the higher 
voltage, the larger amplitude of disk vibration, [www.piezotechnologies.com, 
2006, www. morganelectroceramics.com, 2006]. The droplet velocity could be 
affected by the amplitude of vibration. We then also investigated the supplied 
voltage in a range of 46-58 volt, since there was a limit for a 60 volt power 
supply. 
 
5.3.1.2.  Liquid Properties 
The first liquid property that we chose to study is temperature because 
temperature can affect other liquid properties; density, surface tension and also 
the velocity of sound waves. Therefore, to experimentally study the temperature 
contributes good verifications for the mathematical model. We studied three 
different water temperatures; cold water (14°C), room temperature water (20°C) 
and hot water (46°C). 
 
We initially aimed to alleviate the global warming problem by atomization of 
seawater; therefore, the second property that we need to investigate is percentage 
of salinity. The first percentage of salinity is 3.5% by volume, which mimics 
natural seawater. When the percent of salinity changes, the liquid properties are 
also altered. We therefore studied different percentages of salinity (2%, 2.5%, 
3% and 3.5%). The liquid properties of each liquid medium used are presented in 
Table 5.1. 
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Liquid Type 
Dynamic 
Viscosity       
(Pa#s) x10-3 
Density (kg/m3) 
Surface Tension 
(mN/m) 
Tap water (20°) 1.0 998 72.8 
Hot water (46°) 0.6 989.5 68.58 
Cold water (14°) 1.16 1000 73.64 
Salt water 2.0% 1.04 1012.9 73.25 
Salt water 2.5% 1.05 1016.6 73.35 
Salt water 3.0% 1.06 1020.4 73.44 
Salt water 3.5% 1.07 1024.2 73.52 
Table 5. 1 Experimental Liquid Media and their Properties 
 
5.3.2. Other Factors of Interest 
Apart from the above experiments, some additional experiments were conducted: 
production rate, and temperature of the disk during vibration. The production rate 
is obtained in order to compare with the number of droplets generated. The 
number of droplets normally corresponds to the production rate. For this 
experiment, the ultrasonic atomizer was operated while there was a fan blowing 
all the droplets away from the container. We had to measure a volume of liquid 
before and after operating for a fixed period of time. The experimental set up is 
shown in fig 5.15. 
 
In the current application we have dissolved salt, this tends to come out of 
solution and to be deposited on the atomizer surface, this in turn leads to a 
temperature rise in the transducer which, in extreme cases may lead to the 
transducer failing completely because the material used to make piezo disks has 
a critical temperature above which the piezo effect vanishes. Therefore, we need 
to investigate the temperature rise in the transducer.  
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When there is a temperature gradient in an electrical conductor, the heat flowing 
along the electrical conductor leads to a movement of electrons and an 
electromotive force (emf) will be generated in this area. The magnitude and 
direction of the temperature gradient and the material of the conductor influence 
the magnitude and the direction of the emf. The voltage existing across the 
conductor will represent the value of the emf constructed along the conductor. 
Thus, for a given temperature difference, the same material will produce the 
same total voltage across its length. Therefore, the output voltage cannot be 
obtained if the same material is used. Since two different materials will have 
different emfs, two different materials were combined together in order to 
produce a usable output voltage. Consequently, the output voltage can be 
converted to represent the temperature at the measured position. In the current 
work a ‘T’ type (copper/copper, nickel) wire thermocouple was used connected 
to a direct reading temperature meter. The tank was filled with salt water 25 mm 
above the disk, and then the atomizer was operated and the temperature of the 
piezo disk was measure at 35 minutes, 100 minutes and then 130 minutes after 
starting. 
 
 
Fig 5. 15 The Experimental set up for Production Rate Test 
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5.3.3. Experimental Set Up 
We illustrate the experimental set up in fig 5.16. As can be seen, the main 
devices are the ultrasonic atomizer, the plastic container and PDA and they all 
are aligned as shown for every test.  
 
The PDA system in fig 5.16 consists of the transmitting optics, the receiving 
optics and the digital oscilloscope as shown in figs 5.17-5.19, respectively. The 
oscilloscope was connected to a computer, which uses a Dantec software for the 
PDA system. The software is used for processing and presenting all the data. 
 
 
Fig 5. 16 The PDA set up 
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Fig 5. 17 The Transmitting Optic 
 
 
 
Fig 5. 18 The Receiving Optic 
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Fig 5. 19 The Oscilloscope 
 
Phanphanit, [Phanphanit, 2005], also showed that a fountain height and the jet 
length before droplets generated are dependent on the liquid depth above the 
atomizer. Therefore, we need to consider where to take our measurements. 
Images of fountains were captured by a high speed camera in different depths of 
fluid over the transducer: 10 mm, 20 mm, 30 mm, 40 mm, and also 50 mm as 
shown in fig 5.20 (a to e). 
 
 
a) 10 mm above the Disk -15 mm                     b) 20 mm above the Disk -22.5 mm  
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c) 30 mm above the Disk - 28.5 mm     d) 40 mm above the Disk - 18 mm  
 
 
e) 50 mm above the Disk - 13.5 mm  
 
Fig 5. 20 The Pictures of Fountain Spray at Different Heights of Liquid Depth 
 
 
The position of the measurement should be at the area where droplets are 
generated; however, we do not know exactly where droplets are generated. As 
can be seen from fig 5.20, the area where droplets start to be produced depends 
on the liquid depth, roughly 15 – 30 mm above the liquid surface. Also the 
droplet concentration near where the droplets generated is very high leading to a 
difficulty in detecting scattered light with the PDA. The location of the 
measurement is required to be the same distance away from where droplets 
generated, so that the results could be comparable for both velocity and size. As 
can be seen from fig 5.20, the fountain height and the height of the area, where 
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droplets are generated is affected by the liquid depth. We therefore chose the tip 
of the fountain as a reference position as it is easily defined. Also from the tip, 
the droplets are not too dense, which enables the PDA to detect the droplets. The 
measurements are taken at height of 30 mm above the fountain tip. 
 
5.3.4. Difficulties and their Solutions 
In this section we present the difficulties and problems occurring during the 
experiments and also the solutions applied in order to obtained better results. 
Additionally, we could reduce all the errors caused by these problems. There are 
two major problems, which occur: the drop of liquid level and the decrease in the 
PDA efficiency due to the high temperature of the room over a long period of 
operation. 
 
5.3.4.1. The Drop of Liquid Level  
We observed that when the ultrasonic atomizer was continuously operated, the 
fountain height and the number of droplets generated varied. For a long 
operation, the liquid depth decreased; as a result, the acoustic wave properties, 
which depend on the depth, are affected. Additionally, we deal with very high 
frequency waves leading to very short wavelength; hence, a small change in the 
liquid depth can alter the acoustic properties of the liquid medium. As a result of 
these, the fountain height could be changed; therefore, we require keeping the 
liquid level constant during the test and also keep the period of each test as short 
as possible. 
 
There are two possible solutions for this problem. The first one is to operate the 
atomizer inside a very large tank, and then the decrease in the liquid level will be 
very small.  However, there is a limit of area inside the PDA system; as a result 
of this, a second solution was introduced. It is similar to the first one; we 
connected the small tank to a very large tank outside the PDA area by a tube. We 
level both tanks in the position where the liquid in large tank can flow into the 
small tank in order to keep the liquid level constant. Moreover, we limit the 
period of testing to be less than 60 seconds. 
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5.3.4.2. The Decrease in the Phase Doppler Anemometer Efficiency 
The second problem we encountered is that, after long continuously operating, 
the PDA detected fewer droplets even when all parameters are kept constant. 
This was due to an increase in room temperature resulting from the operation of 
the high power laser in an enclosed room. The first solution was to install a 
ventilation fan on the ceiling.  However, the temperature did not reduce enough. 
We then needed to leave the PDA system to cool down to the atmospheric 
temperature after every test for at least 1 hour. 
 
In addition, we repeated all the experiments many times in order to obtain 
average values and reduce the errors. We also, instead of starting the experiments 
from liquid depth of 10 mm and increased by 10 mm each step, we started from 
50 mm depth and decreased 10 mm each step. Furthermore as well as starting 
with the greatest depth and reducing it and from the minimum depth and 
increased it, we also started from the middle depth; 30 mm, and worked both 
downwards and upwards ways out to 10 mm and 50 mm depth, respectively. 
This way we could ensure that any variation due to the test taking place at the 
end of the experimental period was minimized. 
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Chapter 6  
  
Experimental Results 
 
 
 
 
6.1. Introduction 
 
In this chapter we present the experimental results for the characteristics of the 
spray. In particular, we investigated the number of droplets and droplet velocity, 
size and size-distribution. 
 
The vertical velocity is an important parameter as it affects both the number of 
droplets produced and the height of the plume. As a result of this, we 
investigated the effects of a variation of parameters on the droplet velocity. The 
droplet size is also very important. To be useful in alleviating global warming, 
the droplet size needs to be in a particular size range, approximately 0.6 - 1.7 µm 
[Latham, 2005]. If the droplet is too big, it will fall back to the earth. However, if 
it is too small, it will evaporate completely. Therefore, an effort was made to 
obtain droplets in a required size range. Since the droplet size is dependent on the 
frequency as already mentioned in chapter 2; we need to study the effect of 
frequency on the droplet size. In addition other parameters, which could affect 
the droplet size include liquid properties, leading to different liquid media being 
studied. 
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The velocity of the liquid medium at the free surface of the liquid and the droplet 
size can be theoretically and empirically obtained, respectively. One of the most 
important characteristics of the spray that could be neither empirically nor 
theoretically calculated is the number of droplets. The first aim was to enhance 
more cloud condensation nuclei; therefore, the more droplets generated, the 
better the result. From the droplet velocity and size studied, we found that the 
liquid depth affected the number of droplets. Therefore, the number of droplets 
produced was studied in order to find the atomizer and its operating condition 
that provided the maximum number of droplets.  
 
The droplet size distribution is also investigated to see if the majority of droplets 
generated are in the required size range. Additionally, we match the experimental 
droplet size distribution to the existing empirical and numerical droplets size 
distributions. The results are shown later where the best-fit droplet size 
distribution, based on a least square method, is obtained. 
 
The interesting characteristics of the spray are mentioned above, now we explain 
the investigated parameters affecting the characteristics. The first thing is the 
atomizer design. We have two different atomizers: the commercial atomizer and 
the modified atomizers as shown in chapter 5. For the commercial atomizer, it 
was tested with various liquid media; tap water (20º C), cold water (14º C), hot 
water (46º C), and salt water (2% - 3.5% by volume). A modified atomizer was 
constructed in order to vary the frequency and voltage. The modified atomizer 
can be operated continuously or pulsed. Thus we chose to study the frequency in 
the range near its resonance frequency since this is the most efficient frequency 
and it also enabled the acoustic waves to reach their maximum values. The range 
of voltages was in the highest range (45-58 Volt) that the atomizer could sustain 
because the amplitude of vibration of the disk is dependent on the supplied 
voltage; the more supplied voltage, the higher amplitude of vibration. We expect 
that the higher the amplitude of vibration, the greater the acoustic properties. The 
effects of each parameter on the characteristics of the droplets are presented 
separately in the next sections. 
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6.2. Droplet Velocity 
 
First the droplet velocities are presented. Fig 6.1 illustrates the droplet velocity 
against liquid depth for different liquid media. The droplet velocity trends for all 
liquid media are fairly constant; independent of the liquid depth except for the 
hot water case, which shows fluctuations. The droplet velocities are in the range 
of 0.15 - 0.25 ms-1 with an accuracy of +/- 0.78% at a location of 30 mm above 
the tip of the fountain for all liquid media.  
 
  
Fig 6. 1 Droplet Velocity against Liquid Depth for Several Liquid Media 
 
 
The droplet velocities of tap and salt water are almost the same and their values 
are just under 0.25 ms-1 The velocities for cold and hot water are lower than 
those for tap and salt water at room temperature. The hot water droplets have the 
lowest velocities. This may be because the high temperature slows down the 
vibration of the disk. If the liquid medium has a temperature higher than a certain 
critical level for a particular disk (the Curie point refers to the temperature at 
which spontaneous polarization is lost on heating), then the disk will stop 
oscillating. Hence, if the vibration of the disk was slowed down, then the liquid 
velocity should also be slower than the liquid velocity of the tap water. The 
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droplet velocity for hot water is the only trend, which has a large peak while 
other liquid velocity trends are almost constant. This may be because the liquid 
temperature is not consistent, for small depth the water temperature should be 
more constant than the deeper depth.  As the hot water depth increased, spatial 
variation in temperature could increase; which could affect the acoustic waves, 
especially the speed of sound.  
 
Figs 6.2 and 6.3 illustrate the droplet velocity for the frequencies of 2.24 MHz 
and 2.3 MHz, respectively, against voltage in a range of 45-58 volt. The atomizer 
was operated in three different conditions; continuously, high pulsed (100 Hz) 
and low pulsed (10 Hz). As can be clearly seen, the droplet velocities only vary 
slightly; they are approximately in the range between 0.08 and 0.14 ms-1 with an 
accuracy of +/- 0.78%. However, the scatters of these results are due to fewer 
points being average because of a permanent failure of the modified atomizer. 
 
 
Fig 6. 2 Droplet Velocity against Supplied Voltages for Frequency of 2.24 MHz 
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Fig 6. 3 Droplet Velocity against Supplied Voltages for Frequency of 2.3 MHz 
 
 
The same is true for the data in figs 6.4 and 6.5, which show droplet velocity 
plotted against the frequency at voltages of 53 volt and 57 volt, respectively. The 
droplet velocities are approximately in the range 0.1 and 0.14 ms-1 with an 
accuracy of +/- 0.78%. From this study, we conclude that the droplet velocity is 
independent of the frequency, voltage and liquid depth because they are random 
values within the range. In addition, there was only one test each due to the 
failure of the atomizer after all these tests; therefore we could not really conclude 
that there was actually a relation between the droplet velocity and all these 
parameters. Only the temperature of the liquid medium affects the droplet 
velocity obviously, especially the relatively high temperature (46°C), which can 
slow down the disk vibrations or even damage the disk.  
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Fig 6. 4 Droplet Velocity against Frequency for Voltage of 53 volt 
 
 
 
Fig 6. 5 Droplet Velocity against Frequency for Voltage of 57 volt 
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6.3. Droplet Size 
 
The next characteristic we show is the droplet size. First in section 6.3.1., we 
present the empirical droplet size, which can be calculated from Lang’s equation, 
equation 2.2, for all liquid media; tap water (20° C), cold water (14°C), hot water 
(46° C) and 3.5% salt water by volume. The properties of the liquids are listed in 
table 4.2. Secondly, the experimental droplet size is discussed in section 6.3.2. 
 
6.3.1. Empirical Droplet Size 
The empirical droplet size for each liquid medium can be obtained from Lang’s 
equation, equation 2.2, by using the data provided in table 4.2. The excitation 
frequency was 1.72 MHz. The empirical droplet sizes are listed in table 6.1. 
 
Liquid 
medium 
Dynamic 
Viscosity       
(Pa#s) x10-3 
Surface 
tension 
(mN/m) 
Density 
(kg/m3) 
Empirical 
droplet size 
(µm) 
Tap water 1 72.8 998 2.9 
Hot water 0.6 68.58 989.5 2.85 
Cold water 1.16 73.64 1000 2.91 
Salt water 
3.5%  
 
1.07 
73.52 1024.2 2.88 
Table 6. 1 The Empirical Droplet Size Calculated from Lang’s Equation 
 
 
Cold water has the highest ratio between surface tension and density followed by 
tap water, salt water and then hot water. Therefore, the largest empirical droplet 
size is for cold water followed by tap water, salt water and then hot water as can 
be seen from table 6.1.  
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6.3.2. Experimental Droplet Size 
There are two droplet mean diameters compared here in this study. The first 
mean diameter we are interested is the arithmetic mean diameter or the length 
mean diameter. The arithmetic mean diameter, D10 is very common and it is 
normally used for comparison. The second mean diameter of interest is the 
Sauter Mean Diameter, D32. This is the diameter of a drop having the same ratio 
of volume to surface area as the entire spray. It is important for applications 
where the surface area is important such as fuel combustions. However, D32 is 
not really important to us, we just show them because it is considerably popular 
in engineering fields. 
 
 
Fig 6. 6 Arithmetic Mean Diameter for Several Liquid Media 
 
 
First, fig 6.6 presents the droplet size with an accuracy of +/- 0.67% for different 
liquid medium for the commercial atomizer. It can be seen that the droplet size is 
not affected by the liquid depth except for the hot water case where droplet size 
trend has a minimum peak at 30 mm depth with a value of approximately 4 µm. 
The atomizer produced the largest droplet size for salt water, cold water, tap 
water and then hot water in order. From equation 2.2, the droplet size is 
dependent on three parameters: liquid density, liquid surface tension and the 
frequency of vibration. The experimental droplet sizes are approximately three 
"%
(%
'%
&%
$%
*"%
*(%
*'%
"% *"% ("% +"% '"% )"% &"% ,"%
?
')
&
$"
(%
B-
A"
%1
7
2
5%
=->7-;%?"&(<%1225%
456%7589:%;5<8%7589:%-=<>%7589:%?=8%7589:%
  
 
186 
times larger than what we expect, which is shown in table 6.1. This could be 
because the constant coefficient from Lang’s equation, (equation 2.2) is suitable 
for his experiments but not for ours. However, there is excellent agreement 
between the experimental trend and the empirical trend, which is calculated from 
equation 2.2, apart from the salt water. The salt water has the highest density and 
the second highest surface tension among these four liquid media. The empirical 
droplet size for salt water is the third largest as can be seen in table 6.1 but the 
experimental result shows that it has the largest droplet size. This might be 
because of either inconsistencies in the percentage of salt in the solution or the 
salt particles can cause cavitation inside the liquid, leading to a different 
mechanism of drop generation. As a result, the droplet size does not follow 
Lang’s equation. The liquid medium, which has the least value of density and 
surface tension, is definitely the hot water; as a result the droplet size is the 
smallest. Another possible reason for this is the relatively high temperature of the 
liquid medium; the droplets could evaporate as they move up, leading to only the 
smaller droplets being detected. The same is true for the D32 parameter, the salt 
water has the largest droplet size followed by cold water, tap water and hot water 
as shown in fig 6.7.  
 
 
 
Fig 6. 7 Sauter Mean Diameter for Several Liquid Media 
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Figs 6.8-6.10 present both droplet sizes; D10 and D32, generated by the modified 
atomizer for three types of operating conditions. Figs 6.8 and 6.9 illustrate the 
droplet size against frequency for fixed voltages of 53 volt and 57 volt, 
respectively. Fig 6.10 illustrates the droplet size against voltage for frequency of 
2.24 MHz. As can be seen, the arithmetic mean diameters, D10, are in a range 
between 3-5 (+/- 0.67%) µm and the Sauter Mean Diameters, D32, are in the 
range between 10-30 µm. Figs 6.8 a) and 6.9 a) show that D10 for all the 
operating conditions are quite constant; their ranges are very narrow, 3-5 µm and 
3-4 µm, respectively. Also the operating conditions do not have much effect on 
D10 because they are randomly fluctuating but still in very narrow range. It is 
clearly seen that the D10 for the voltage of 57 volt is smaller than the one for the 
voltage of 53 volt. This can be more clearly seen in the graph of the D10 against 
the supplied voltage in fig 6.10. As seen in figs 6.8 – 6.10, the results for the 
modified atomizer show a greater degree of scatter, this could be due to a failure 
of the modified atomizer. As a result, there are fewer points being averaged over 
than in the corresponding plots for the commercial atomizer.  
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b)  
Fig 6. 8 Mean Diameter for Supplied Voltage of 53 Volt: a) Arithmetic Diameter and b) 
Sauter Mean Diameter 
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     b) 
 
Fig 6. 9 Mean Diameter for Supplied Voltage of 57 Volt: a) Arithmetic Diameter and b) 
Sauter Mean Diameter 
 
The arithmetic mean diameter, D10, and the Sauter Mean Diameter, D32, are not 
in the same fraction. For D32, the number of droplets for each diameter is 
significantly important; a small difference in the number of droplets for each 
droplet size can make a big difference in D32 because in a calculation of D32 we 
need to power the variables by 2 and 3 as shown in equation 2.2. As a result, the 
D32 trends do not follow the D10 trends. In our study D32 is not really important 
because we only want to compare the arithmetic mean diameter. We require the 
droplets of a certain size so that they can stay longer in the atmosphere.  
 
The droplet size is supposed to be affected by the vibration frequency; however, 
frequencies tested are too close to see the difference. Unlike the comparison 
between the two atomizers, the commercial atomizer working at 1.72 MHz 
produces droplet sizes in the range of 6-12 µm for D10 while the modified 
atomizer at a frequency of 2.24 MHz produced droplet size in the range of 3-5 
µm.  
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           a) 
 
 
               b) 
Fig 6. 10 Mean Diameter for Frequency of 2.24 MHz: a) Arithmetic Diameter and b) Sauter 
Mean Diameter 
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6.4. Number of Droplets 
 
This characteristic is the most important for us because the original aim was to 
achieve the maximum number of droplets in order to enhance more cloud 
condensation nuclei. The number of droplets can be neither theoretically nor 
empirically predicted. Therefore, the only way we can do it is to measure the 
number of droplets passing through a known area of the measurement control 
volume. We assume that this number of droplets should be able to represent the 
total number of droplets produced. Then we will compare data with the predicted 
acoustic properties determined by the mathematical model presented in chapter 3 
and the comparisons will be presented later in chapter 7. The number of droplets 
shown in this section has an error range of less than 10% within a tight 95% 
confidence interval. We start with the number of droplets produced from the 
commercial atomizer. Fig 6.11 illustrates the number of droplets of the 
commercial atomizer against liquid depth for four different liquid media; tap 
water, salt water, cold water and hot water. 
 
 
Fig 6. 11 Number of Droplets against Liquid Depth for Several Liquid Media 
 
It can be clearly seen from fig 6.11 that the tap water has the highest number of 
droplets followed by salt water, cold water and hot water. Theoretically, hot 
water has the lowest value of surface tension; therefore, it should be the easiest to 
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break up, and should have the highest number of droplets. However, from the 
previous study, we know that a relatively high temperature of liquid medium 
could reduce the vibration of the disk, leading to a change in acoustic waves and 
acoustic properties. Hence it might also alter the number of droplets generated. 
 
Figs 6.12 – 6.17 illustrate the number of droplets generated from the modified 
atomizer. Figs 6.12 and 6.13 present the results for constant voltage against 
frequency for three different operating conditions. For both fixed voltages (53 
volts and 57 volts), the peaks are between 2.24 MHz and 2.26 MHz. The 
continuous operating and high pulsed operating seem to have the same number 
of droplets for both voltages. This indicates that the high pulsed operating is 
comparative to the continuous operating in the number of droplets produced. 
Therefore we can run the high-pulsed atomizer instead of the continuous 
atomizer in order to reduce the power consumption. The peaks are located at the 
frequency corresponding to its predicted resonance frequency. This could 
confirm that the highest atomization efficiency can be obtained when the 
atomizer is run at its resonance frequency.  
 
 
Fig 6. 12 Number of Droplets against Frequency for Voltage of 53 Volt 
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Fig 6. 13 Number of Droplets against Frequency for Voltage of 57 Volt 
 
 
 
Fig 6. 14 Number of Droplets against Voltage for Frequency of 2.24 MHz 
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Figs 6.14- 6.16 illustrate the number of droplets against voltage for fixed 
frequencies of 2.24 MHz, 2.3 MHz and 2.36 MHz, respectively. As can be seen 
from these figures, the number of droplets increases with an increase of the 
supplied voltage. This is to confirm that the higher supplied voltage will make 
the atomizer produce a larger number of small droplets. Again the continuous 
operating and high pulsed operating do not affect the number of droplets detected 
per minute. It depends on what application the atomizer is used for. If the 
number of droplets generated per minute is enough, then we could use the high-
pulsed atomizer, leading to a conservation of energy. 
 
 
Fig 6. 15 Number of Droplets against Voltage for Frequency of 2.3MHz 
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Fig 6. 16 Number of Droplets against Voltage for Frequency of 2.36 MHz 
 
 
From this study, the number of droplets is affected by the supplied voltage. As 
can be seen from figs 6.14 – 6.16, the number of droplets increases with an 
increase of supplied voltage for all frequencies and all three operating conditions. 
The higher the supplied voltage, the larger the amplitude of vibration and this 
leads to a higher disk velocity. It can also be concluded that at the higher disk 
velocity, the greater the number of droplets generated. This can support the fact 
that the atomizer produces lower number of droplets for hot water as it reduces 
the disk velocity.  
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Fig 6. 17 Number of Droplets against Depth for Voltage of 57 Volt and Frequency of 2.24 
MHz 
 
Fig 6.17 is the last graph showing the number of droplets for a constant 
frequency of 2.24 MHz and a constant voltage of 57 volt against liquid depth. 
The highest peak for continuous operating is when the liquid is 40 mm deep. The 
peaks for high-pulsed and low-pulsed atomizers are located at 50 mm and 30 mm 
depths, respectively. The continuous atomizer produces the highest number of 
droplets among the three types of operation.  
 
After this experiment, the atomizer failed and could not be repaired. 
Unfortunately there was insufficient time to make a replacement and so the 
experiments could not be repeated. Each experiment we tested in one day in 
order to keep the parameters constant. As a result, we compared the results only 
for the first tests. We do not want to compare across the graphs since there might 
be some differences in operating condition, leading to significant error such as 
the atomizer efficiency.   For example, the data in fig 6.14 representing the 
results for 2.24 MHz and 57 voltage atomizer at liquid depth of 30 mm should be 
nearly the same as the results shown in fig 6.17 since the atomizer had the same 
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operating conditions. However, they are significantly different. Fig 6.17 is the 
last test of the modified atomizer; we therefore assumed that the atomizer was 
already showing signs of failure and therefore was less efficient; leading to a 
very small number of droplets being generated. 
 
 
6.5. Droplet Size Distribution 
 
 
In this section we present the droplet size distribution for all experimental data. 
Then we try to fit the experimental droplet size distribution to existing 
mathematical and empirical droplet size distribution; normal distribution, log-
normal distribution, Nukiyama & Tanasawa and Rosin Rammler distributions.  
 
6.5.1. Experimental Droplet Size Distributions 
Figs 6.18 – 6.21 illustrate the droplet size distribution for different liquid droplets 
generated by the commercial atomizer at different depths (10 mm – 50 mm). 
These four figures indicated that the majority of the droplets are between 0 – 20 
µm except for in the hot water. The droplets size for hot water is smaller; where 
the majority of sizes are between 0 and15 µm. As can be seen from fig 6.18, the 
depth of liquid medium does not affect the droplet size distribution; however, the 
droplet size distributions are slightly different in magnitude for each liquid 
medium. As can be seen from these figures, the measured droplet size 
distributions have oscillations, which were not expected. This is due to the PDA 
resolution, which has a step change with each interval being 0.61 µm. The actual 
droplet size then increases by 0.61 µm, for example, the first size starts from 0.61 
µm and is followed by 1.22 µm, 1.83 µm, and then 2.44 µm. We measured the 
droplet size distribution with a bin width of 1 µm; therefore, in the first bin there 
was only one droplet size being taken into account. The second bin was the range 
1 – 2 µm; thus, there were two droplet sizes (1.22 µm and 1.83 µm) being taken 
into account. The third bin took only the droplet size of 2.44 µm into account; 
leading to oscillations in the droplet size distribution. 
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Fig 6. 18 Droplet Size Distribution for Tap Water for Various Depths 
 
 
Fig 6. 19 Droplet Size Distribution for Hot Water for Various Depths 
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Fig 6. 20 Droplet Size Distribution for Cold Water for Various Depths 
 
 
Fig 6. 21 Droplet Size Distribution for Salt Water 3.5% by Volume for Various Depths 
 
!"#"(%
"%
"#"(%
"#"'%
"#"&%
"#"$%
"#*%
"#*(%
"#*'%
"#*&%
"% ("% '"% &"% $"% *""% *("%
;
6
36
(%
%
?')&$"(%B-A"%1725%
("%+"%'"%)"%
!"#")%
"%
"#")%
"#*%
"#*)%
"#(%
"#()%
"#+%
"% ("% '"% &"% $"% *""% *("%
;
6
36
(%
%
?')&$"(%B-A"%1725%
("%()%+"%+)%'"%)"%
  
 
200 
Fig 6.22 presents the droplet size distribution for a voltage of 57 volt and several 
frequencies from 2.22 MHz to 2.36 MHz. Fig 6.23 presents the droplet size 
distribution for three different types of operating conditions. It shows that the 
frequency of vibration does make a difference if the difference is 0.5 MHz as can 
be seen from figs 6.18 and 6.22. The majority of droplets have the size in a range 
between 0 -10 µm. If the difference is less than 0.14 MHz, the droplet size 
distributions are the same as shown in fig 6.22. As for the operating condition, it 
does not alter the droplet size distribution as shown in fig 6.23. 
 
Figs 6.24 and 6.25 illustrate the droplet size distribution for a fixed frequency of 
2.24 MHz and various supplied voltages as well as the three different operating 
conditions. This confirms that the supplied voltage and the operating condition 
do not affect the droplet size distribution. The same is true for liquid depth as can 
be seen in figs 6.26 and 6.27. 
 
 
 
Fig 6. 22 Droplet Size Distribution for Constant Voltage of 57 Volt 
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Fig 6. 23 Droplet Size Distribution for Constant Voltage of 57 Volt 
 
 
 
Fig 6. 24 Droplet Size Distribution for Constant Frequency of 2.24 MHz 
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Fig 6. 25 Droplet Size Distribution for Constant Frequency of 2.24 MHz 
 
 
Fig 6. 26 Droplet Size Distribution for Voltage of 57 Volt and Frequency of 2.24 MHz 
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Fig 6. 27 Droplet Size Distribution for Voltage of 57 Volt and Frequency of 2.24 MHz 
 
 
6.5.2. Predicted Droplet Size Distributions for Tap Water 
Next we try to fit the experimental droplet size distribution to one of the existing 
droplet size distribution models, since the droplet size distributions for each 
liquid medium are different, we then present them separately. The droplet size 
distribution model that predicts the distribution, which best fit all experimental 
distributions, will be the best one to use as a predicted model for this type of 
atomizer. Although we can obtain the best-fit droplet size distribution, it cannot 
really predict the exact droplet size distribution because the droplet size 
distribution equation still needs an appropriate coefficient. According to the 
characteristics studied, the coefficient should be dependent on those parameters; 
liquid properties, liquid depth and frequency of vibration, which affect the 
characteristics of the spray, especially the droplet size and the number of 
droplets. Due to the time constraint we only obtain the best-fit droplet size 
distribution, we have not been able to obtain the appropriate coefficient yet. 
 
As already described in chapter 2, there are two major categories; the 
mathematical and the empirical size distributions. The mathematical size 
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distributions are normal and log-normal distribution. The empirical distributions 
are Nukiyama & Tanasawa and Rosin Rammler droplet size distribution. 
 
6.5.2.1. Mathematical Droplet Size Distributions 
We first present the droplet size distribution of tap water atomized by the 
commercial atomizer in fig 6.28; the highest peak is the first peak from the left. 
From equations 2.14 and 2.15, both equations require the experimental mean 
droplet sizes and can be obtained from the raw data. The experimental mean 
droplet size for a normal droplet size distribution can be found from fig 6.6 and 
the geometric mean diameter for log-normal distribution can be calculated from 
the raw data. The geometric mean diameter for tap water was found to be 5.97 
µm. The comparison between the experimental droplet size distribution and the 
predicted droplet size distributions from normal and log-normal droplet size 
distribution models is shown in fig 6.28. It can be clearly seen that the log-
normal droplet size distribution gives a better fit than the normal droplet size 
distribution for tap water. The log-normal peak is narrower and higher than the 
normal peak. The log-normal peak is closer to the experimental peak; however, 
the peak obtained is shifted to the right of the experimental peak.  
 
 
Fig 6. 28 Mathematical Droplet Size Distributions for Tap Water 
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6.5.2.2. Empirical Droplet Size Distributions 
The first empirical droplet size distribution that we present is the Nukiyama & 
Tanasawa droplet size distribution. For this distribution model, there are two 
variables, which are b and q, as shown in equation 2.21. We predicted the 
droplet size distribution by varying these two variables. The results for various 
values of b and q are presented in figs 6.29 and 6.30, respectively, compared to 
the experimental droplet size distribution of tap water. From fig 6.29, the b 
value was varied from 1 to 5, while the q value kept constant at 0.4. The results 
show that the higher the value of b, the higher and narrower the predicted peak. 
The b values of 3.5 and 4 seem to give the best predictions.  
 
Next the q value was investigated. At first, the q value was set to be 2 but the 
result was very far from the experimental data. Therefore we chose to reduce the 
q value by an order of magnitude to 0.2 and varied the values from there to 0.5 
with the value of b set to 4. The result is shown in fig 6.30 and it can be seen that 
the higher the q value, the higher and narrower the peak. The q value of 0.5 
makes the peak higher than the experimental peak; therefore the value of q, 
which makes a good result, is either 0.4 or 0.5.   
 
 
Fig 6. 29 Nukiyama & Tanasawa Droplet Size Distribution for Various Values of b at q=0.4 
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Fig 6. 30 Nukiyama & Tanasawa Droplet Size Distribution for Various Values of q at b=4 
 
 
Fig 6. 31 Nukiyama & Tanasawa Droplet Size Distribution for Various Values of b and q 
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From figs 6.29 and 6.30, we picked two of the best values of b and q and use 
these values to predict the droplet size distribution and the results are shown in 
fig 6.31. The q value affects the peak more than the b value because both of the 
predictions with q = 0.5 have very high peaks.  
 
The next empirical droplet size distribution is Rosin-Rammler. This distribution 
is slightly different from all previous mentioned distribution models because it is 
usually expressed as volume distribution, where we consider the total volume of 
each droplet size instead of the number. First we present the measured volume 
distribution in fig 6.32. As can be seen in fig 6.32, it fluctuates greatly. 
Therefore, we generate its trend by using MS Excel and obtain its empirical 
function as 
 
 
y = !0.8e!5x 2 + 0.0035x ! 0.0023            6. 1 
 
The mean diameter of the distribution, which is required in equation 2.21, is 
assumed to be where the maximum volume distribution is. Therefore, the mean 
value can be calculated by taking the differential of equation 6.1 with respect to 
x. We obtained the mean diameter of 21.875  µm then substituted this mean 
diameter into equation 2.23 in order to predict the droplet size distribution by the 
Rosin-Rammler model. The distribution has only one variable, which is q. 
 
 
Fig 6. 32 Measured Volume Distribution for Tap Water 
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Fig 6. 33 Rosin Rammler Droplet Size Distribution for Tap Water 
 
 
Small values of q contribute to broad sprays, and large values of q contribute to 
narrow sprays. Note that the Rosin-Rammler model produces unphysical values 
(the probability becomes negative), [Babinsky, 2002]. Even values of q produce 
exponential growth distributions; therefore, we keep the values of q as odd 
numbers higher than 3. We start with q = 3, and then we increase to 5 and 7. An 
increase of q leads the distribution to be narrower and the peak to grow higher, as 
shown in fig 6.33. It is obviously seen that the best value of q is 3 for this 
atomizer. 
 
In conclusion, the empirical droplet size distribution seems to provide better 
predictions. It is difficult to decide which empirical droplet size distribution 
provides better result simply by from the graphs in figs 6.31 and 6.33. Therefore, 
we require a method to help us decide which empirical droplet size distribution is 
the best one to use. We explain more about the method we used in the next 
section. 
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6.5.3. R-Square Method 
 
In order to decide which existing droplet size distribution best fits the 
experimental droplet size distribution, we need to know how well each droplet 
size distribution fits the experimental data. The most common way is to use a 
correlation coefficient. The correlation coefficient is a quantity that can tell how 
well the droplet size distribution predicts the relationship between the prediction 
and the experimental droplet size distribution.  In general, the correlation 
coefficients have many definitions, depending on how they are defined. R-
Square method simply uses the square of the correlation coefficient to tell how 
good the prediction is. We will call the square of the correlation coefficient as R-
square value, R2.  For this method, the square of the coefficient method is 
defined by the following equation, [Ashish et al., 1990]; 
 
 
R2 = 1!
yi ! f i( )2
i
"
yi ! y( )2
i
"
                    6. 2 
 
 
Where 
 
yi is the experimental data 
 
 
fi   is the predicted value 
 
y   is the mean value of the experimental data 
 
 
yi ! f i( )2
i
" is the total sum of the square of variation of predicted values from 
the experimental values.  
 
 
yi ! y( )2
i
"  is the total sum of the square of variation of the experimental values 
from its mean value.  
 
The smaller the value of 
 
yi ! f i( )2
i
"  
, the better the predicted value. Therefore 
the closer the value of R2 is to 1, the better the prediction. 
 
 
We now use the R-square method to calculate the value of R2 for each prediction 
and the results are shown in fig 6.34. The R2 of Nukiyama & Tanasawa droplet 
size distribution is the highest; therefore this distribution is the best droplet size 
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distribution model to use as a prediction of the experimental droplet size 
distribution for tap water. 
 
 
 
Fig 6. 34 R-Square Values for each of the Droplet Size Distribution Models 
 
 
6.5.4. Droplet Size Distribution for other Liquid Media 
 
In the previous section we concluded that the Nukiyama & Tanasawa droplet 
size distribution with b and q values of 4 and 0.4, respectively, is the best 
droplet size distribution model to be used as a prediction model for the 
commercial atomizer using tap water.  
 
There are three other liquid media tested with the commercial atomizer; hot 
water, cold water and salt water. We used the Nukiyama & Tanasawa droplet 
size distribution for predicting the droplet size distribution for these liquid 
media. The comparisons of the droplet size distribution between the prediction 
model and the measurements are illustrated in figs 6.35 – 6.37 for hot water, 
cold water and salt water, respectively. Figs 6.35 – 6.37 show that the Nukiyama 
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& Tanasawa model gives a good prediction of the droplet size distributions for 
all of the other liquid media. However, the b and q values could be varied in 
order to obtain better droplet size distribution. We believe that the b and q 
values can be related to either one of the liquid properties or a combination of 
them. This is because in the three figures; figs 6.35, 6.36 and 6.37, although the 
predicted droplet size distributions have a good trend, matching with the 
measurement values, the magnitudes are still different. The magnitude of the 
predicted droplet size distribution can be altered by values of b and q as shown 
in figs 6.29 and 6.30.  
 
 
Fig 6. 35 Droplet Size Distribution for Hot Water compared with Nukiyama & Tanasawa 
Distribution Model 
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Fig 6. 36 Droplet Size Distribution for Cold Water compared with Nukiyama & Tanasawa 
Distribution Model 
 
 
 
Fig 6. 37 Droplet Size Distribution for Salt Water compared with Nukiyama & Tanasawa 
Distribution Model 
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6.5.5. Droplet Size Distribution for the Modified Atomizer 
 
The experimental droplet size distributions for the modified atomizer are shown 
in figs 6.38 – 6.43. All experimental droplet size distributions for the modified 
atomizer look the same; the peaks are significantly higher and narrower than the 
droplet size distribution for the commercial atomizer. Since they are quite 
similar, we then choose the droplet size distributions of water depth of 10 mm to 
be compared with the prediction. We used the Nukiyama & Tanasawa model 
with various values of b and q 
 
 
Fig 6. 38 Nukiyama & Tanasawa Droplet Size Distribution with Various Values of b and q 
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Fig 6. 39 Droplet Size Distribution for the Modified Atomizer at Liquid Depth of 10 mm 
 
 
As can be seen from fig 6.38, the variations of b and q lead to a better-predicted 
droplet size distribution. It is obviously seen that b = 4 and q = 0.6 gives the best 
choice for the modified atomizer with 10 mm of water depth. We then compare 
the predicted droplet size distribution by Nukiyama & Tanasawa model with b = 
4 and q = 0.6 with other measurement droplet size distributions for the modified 
atomizer as shown in fig 6.39. The predicted droplet size distribution has a very 
good agreement with measurement droplet size distribution. However from this 
study, we do need the appropriate empirical factors to add to the Nukiyama & 
Tanasawa model in order to obtain better-predicted droplet size distributions. 
This could be an interesting subject for future work. 
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6.6. A Number – based Distribution Function against Droplet 
Size and Velocity  
 
 
In the previous sections, the characteristics of the spray: droplet velocity and 
size, including droplet size distribution, were studied. However, the results were 
based on average values for the detected droplets. The average velocities of the 
droplets for all liquid media are in the range of 0.15 – 0.25 ms-1. The mean 
droplet sizes for all liquid media are in the range of 3 – 6 µm. We now consider 
the characteristics of each individual droplet detected by the PDA. Since there 
were many sets of data, we chose to illustrate the information of water droplets 
generated by the commercial atomizer with water depth of 35 mm above the 
atomizer. This is because at this depth, the atomizer generates the maximum 
number of droplets, which leads to the most reliable data. The probability 
distribution function against droplet velocity and size is plotted and shown in fig 
6.40. 
 
 
Fig 6. 40 Joint Size and Velocity Distribution of Droplets in a Spray of a Commercial 
Atomizer with 35 mm Water Depth 
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As can be seen from fig 6.40, the majority of droplets are in a size range of 0 – 
10 µm and there are few droplets having size larger than 10 µm. The majority of 
droplets move with a velocity in a range of 0 – 0.5 ms-1 while the larger drops (D 
> 10 µm) have negative velocities; they move downwards. This might be 
because the small drops collide with others, forming a larger drop. For large 
drops, the gravity force comes into action; hence, the large drops fall back to the 
water tank. 
 
6.7. Other Experiments 
 
In this section we present two other results, which are the production rate of the 
spray and the temperature of the disk while it is in operation. 
 
6.7.1. Production Rate 
The production rate was investigated only for the tap water with the commercial 
atomizer at the depth of 10, 20, 30, 40, and 50 mm. The result is shown in fig 
6.41. 
 
 
Fig 6. 41 Atomization Production Rate for Tap Water by the Commercial Atomizer 
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The measurement result shows that the maximum production rate is at about 35 
mm water depth. This study supports the result that the maximum number of 
droplets is generated at a water depth of 35 mm in section 6.4. 
 
6.7.2. Temperature 
The change in temperature with time, of the piezo disk is shown in fig 6.42 from 
the starting point until it had been working for 130 minutes. Initially, the 
temperature of the fluid before starting was 12 °C, and then immediately after 
turning the atomizer on, the temperature rose up to 16 °C. Within 130 minutes, 
the temperature increased gradually from 16 °C to 25.9 °C, and it seems to level 
off at 26°C after two hours as can be seen from the figure 6.41.  
 
 
Fig 6. 42 Temperature Profile 
 
The temperature measurements indicate an average rise in temperature of 5 ° C 
per 65 minutes during 130 operating minutes although this is alleviated to some 
degree by the cooling affect of the fluid itself, obviously in the ‘real’ application 
in a large volume of liquid medium there is a massive heat sink so this may not, 
in the long run be a problem. 
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6.8. Conclusion 
 
In this chapter we undertook a range of experiments in order to study the 
characteristics of the spray; droplet velocity, droplet size, number of droplet and 
droplet size distribution. It can be concluded that the droplet velocity is slightly 
affected by the liquid medium apart from the hot water case. The hot water 
droplet velocity being very low might be because the hot water slows down the 
disk vibration and decreases the amplitude of vibration. Not only this but the 
high temperature could also lead to an evaporation of drops while they move up 
to the measurement level. Therefore, if we could produce a more temperature 
tolerant disk material, we can use the high temperature water as a liquid medium 
leading to very small droplets at a constant frequency. We also expect that all the 
fluctuations in the characteristics of the hot water spray are affected by an 
inconsistency in the temperature distribution. 
 
The results of an investigation of droplet size agree well with Lang’s equation 
[Lang, 1962] except the salt water; the droplet size depends on liquid properties: 
the ratio between the surface tension and the density, which corresponds to the 
viscosity, and a frequency of vibration. As we can see that the salt-water mean 
droplet diameter is the largest followed by the cold water and the tap water; 
although the cold water has the highest value of the ratio between the surface 
tension and the density. Moreover, the higher frequency atomizer generates 
smaller droplets. Although the frequency affecting the droplet size, the difference 
in frequency need to be significantly large in order to see this effect. 
 
The supplied voltage directly affects to the amplitude of vibration, which affects 
the magnitude of the acoustic properties. We found that the higher supplied 
voltage contributed to a higher number of droplets because the atomizer produces 
smaller droplets from the same amount of water. This leads us to assume that the 
highest acoustic properties should contribute to the highest number of droplets. 
We therefore study the acoustic properties, which could affect the number of 
droplets generated in the next chapter. 
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The droplet size distribution of this type of atomizer can be predicted by using 
the Nukiyama & Tanasawa model. Also the droplet size distribution is dependent 
on the frequency of vibration and the liquid properties. We therefore first require 
the appropriate coefficients for the Nukiyama & Tanasawa model. This would be 
an interesting topic for further work. 
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Chapter 7   
 
Theoretical and 
Experimental Results 
 
 
 
7.1. Introduction 
 
In the previous chapter we confirmed that the predicted results satisfy the 
boundary conditions. In addition we determined how many terms are required for 
each case for various media and operating conditions. The characteristics of the 
flow was studied and shown as vector plots. In this chapter we use the 
mathematical model to predict the acoustic properties for different media. The 
objective is to try to find a correlation between the acoustic properties and the 
number of droplets generated by the ultrasonic atomizer. 
 
In order to find such a correlation; there are many acoustic parameters to 
investigate. We first discuss what parameters can contribute to the quantity of 
droplets generated. Secondly, we then compare the predicted values with the 
experimental results for tap water in order to find the acoustic parameter that 
provides the best correlation to the measured number of droplets. Thirdly, we 
show the comparisons between the predictions and the experimental value for 
different types of liquid media. There are four different media studied: tap water, 
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cold water, hot water and salt water. Salt water is also tested in different 
percentages of salinity from 2% - 3.5% by volume. Lastly, we study the 
variations in ultrasonic atomizer design, in particular the frequency.  
 
7.2. Acoustic Parameters 
 
There are many acoustic properties, which could relate to the number of droplets 
generated. The first parameter is the acoustic pressure; it is expected that at 
higher pressures, a taller fountain would be generated leading to a higher number 
of droplets produced. Since we are dealing with acoustic waves, they could reach 
a resonance, which contributes to a very high acoustic pressure somewhere in the 
container. Therefore, we separate the regions of interest into three regions; the 
central region within the radius of the disk from the disk to the top surface, the 
region next to the central area above the height of the atomizer and the region 
around the atomizer as shown in fig 7.1.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig 7. 1 The Three Different Regions for Illustrating Predicted Results 
 
A 
B 
C 
Atomizer 
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From chapter 4, the acoustic velocity in region B as shown in fig 7.1 is the 
lowest and the maximum velocity is located in region C, which indicated that it 
might reach its resonance in region C. Although the maximum velocity is in 
region C, the ultrasonic fountain is located on the central axis. We therefore 
focus more in regions A and C and show the comparisons between the acoustic 
pressure in these two regions and the number of droplets generated. 
 
The next parameter we investigate is the acoustic velocity. We assume that the 
liquid particles that have very high velocity, especially axial velocity, will move 
up generating an acoustic fountain. Therefore, we chose to show the comparisons 
of both an absolute velocity magnitude and the real part of the axial velocity. 
Like the acoustic pressure, we consider the maximum velocity in two different 
regions; the central region and the annulus region around the atomizer, which are 
regions A and C in fig 7.1, respectively because in chapter 4, the characteristic of 
the flow showed that in these two regions, the acoustic velocities are 
significantly higher than the velocities in region B as shown in fig 7.1. 
 
We then consider the force acting on the ZA plane, which is the boundary plane 
between regions 1 and 2 in fig 3.1. We obtain the force by integrating the 
acoustic pressure relating to small areas. Since we assumed that it is axi-
symmetric, there is no difference in circumferential acoustic properties. The 
force on the ZA plane can be calculated from 
 
 
F = 2! prdr
0
Rd
"                7. 1 
 
 
Where F is the force (N) 
 P is the pressure (Pa) 
 r is the radius (m) 
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As well as the acoustic pressure at each radius on the ZA plane, we also 
investigate the maximum pressure at each radius. We integrate the maximum 
pressure at each radius over a small elemental area of 
 
2!rdr , corresponding to 
the considered maximum pressure, from the centre to the container wall.  
 
The last parameter, which could contribute to a number of droplets is the 
acoustic power transferred from region 1 to region 2 as shown in fig 3.1. The 
acoustic power generated from the driving disk might be different for each liquid 
medium depth, as we already know that acoustic waves are very sensitive to all 
parameters, including liquid depth. The acoustic power at the boundary between 
regions 1 and 2 in fig 3.1 is studied and compared to the measured number of 
droplets. We show the comparisons for all these parameters and the experimental 
number of droplets later in this chapter. 
 
7.3. Tap Water 
 
The first liquid medium we present is tap water. In this section the measured 
number of droplets is compared to the predicted acoustic properties. For the 
experimental part, tap water had a temperature of 20°C. The ultrasonic atomizer 
used was the commercial atomizer running at a frequency of 1.72 MHz as shown 
in chapter 5. As already mentioned, we do not know exactly what the material of 
the disk is and also we could not measure the amplitude of vibration. Therefore, 
we do not know the velocity of the disk. The experiments were taken many times 
in several days in order to obtain the average values with the error less than 10% 
from the mean values. As a result of the unknown disk velocity, in the prediction 
we then need to assume the amplitude of vibration. It can be any value because 
the amplitude of vibration can only alter the magnitude of acoustic properties 
everywhere in the geometry with the same proportion. The maximum values still 
occur at the same location. We chose the amplitude of vibration to be 8x10-8 m in 
order to give a surface velocity similar to the surface velocity found in the 
experiment. For the predicted results, according to chapter 4 we chose the 
number of terms to be 203 in total. The last n-term and p-term increasing by the 
same proportion are 15 and 124, respectively. Only the q-term can be increased 
by 1 after the p-term reaches the limit of the program because the number of q-
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terms does not affect the values of the acoustic properties inside the central area 
as shown in section 4.3. Its only effect is to improve how well the pressure 
boundary condition along boundary line between regions 2 and 3 in fig 3.1 
satisfied.  
 
7.3.1. Acoustic Pressure 
First we present the predicted maximum absolute pressure for two different 
regions; the central region and the annulus region (bottom right region), regions 
A and C, respectively, in fig 7.1. Also the measured number of droplets is 
included in order to compare the trend of the number of droplets against the 
water depth. 
 
 
Fig 7. 2 The Number of Droplets and the Absolute Acoustic Pressure for Tap Water plotted 
against Water Depth above the atomizer 
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Fig 7. 3 The Number of Droplets and the Absolute Acoustic Pressure inside the Central 
Region for Tap Water plotted against Water Depth above the atomizer 
 
From figs 7.2 and 7.3, the left hand side vertical axis is the number of droplets 
detected by the PDA in one minute at 30 mm above the fountain tip. The right 
hand side vertical axis is the predicted absolute pressure. As can be seen there are 
three different sets of data; the blue line is the measured number of droplets; the 
red and green lines are the predicted absolute pressure in regions A and C, 
respectively as shown in fig 7.1. The measured value has a peak at a water depth 
of 35 mm above the atomizer at about 5000 droplets per minute. The 
mathematical model excellently predicts the pressure peaks at 35 mm depth for 
both regions A and C in fig 7.1. From fig 7.2, for the bottom right region, region 
C, the peak is very high approximately 3.5x108 Pa, which is significantly higher 
than the predicted pressure in region A. The water depth at which the peak 
acoustic pressure are predicted does correspond to that at which the maximum 
number of droplets is observed, suggesting the model can be used to identify 
these conditions, although the shape of the pressure curves away from the 
maximum do not follow quite the same trend as the number of droplets one. To 
be clearer on the predicted trend of the acoustic pressure in region A, we present 
another graph in fig 7.3, illustrating only the measurement value and the 
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predicted pressure in region A. The trend of predicted maximum pressure for 
region A peaks at the water depth of 35 mm; however, the trend is not exactly the 
same with the measured value. The predicted peak is very sharp and narrow 
while the measured peak is significantly broader, this could be because in reality 
the viscosity of the liquid could retard the generation of droplets. Therefore, the 
experimental peak is broadened and flattened by the viscous effect. 
 
7.3.2. Acoustic Velocity 
Secondly, we consider the maximum acoustic velocity in regions A and C. We 
considered two different velocities; a real part of the complex velocity and the 
velocity magnitude as shown in figs 7.4 and 7.6. As can be seen from fig 7.4, the 
water depth of 35 mm is where the peaks in both regions are located. Similarly to 
the pressure, both the maximum real part of the acoustic velocity and the 
maximum velocity magnitude in region C are significantly higher. We therefore 
made the velocities in region A appear clearer by plotting only the measured 
value of both the acoustic velocities; a real part of acoustic velocity and velocity 
magnitude, shown in figs 7.5 and 7.7, respectively. 
 
 
Fig 7. 4 The Number of Droplets and the Real Part of Acoustic Axial Velocity for Tap 
Water plotted against Water Depth above the atomizer 
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Fig 7. 5 The Number of Droplets and the Real Part of Acoustic Axial Velocity inside the 
Central Area for Tap Water plotted against Water Depth above the atomizer 
 
 
 
Fig 7. 6 The Number of Droplets and the Velocity Magnitude for Tap Water plotted against 
Water Depth above the atomizer 
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Fig 7. 7 The Number of Droplets and the Velocity Magnitude inside the Central Region for 
Tap Water plotted against Water Depth above the atomizer 
 
 
The predicted maximum velocities inside the central region, A, have similar 
pattern to the acoustic pressure in the same area. The peaks still occur at a water 
depth of 35 mm above the atomizer. For both velocities, the peaks are very sharp, 
a considerably higher than the maximum velocities for other depths.  
 
7.3.3. Acoustic Power and Integral of Pressure 
We next consider the acoustic power transfer across the boundary line between 
regions 1 and 2 from fig 3.1. The power transferred from region 1 could also be 
an important parameter. We expect that the highest power transfer would 
contribute to the highest number of droplets generated. Therefore, we illustrate 
the comparison between the acoustic power transferred across the boundary line 
and the number of droplets in fig 7.8. The predicted power transfer also has a 
peak at a water depth of 35 mm. Its trend looks similar to the acoustic pressure 
and velocities inside region 3 in fig 3.1. 
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Next we looked at the integral of pressure with respect to r along ZA from the 
central axis to the radius of the disk. Again we also expected that the highest 
integral of pressure could generate the maximum number of droplets.  We 
illustrate a graph comparing the measurement value to the predicted result for the 
integral of acoustic pressure along ZA in fig 7.9. Additionally, we illustrate a 
comparison between the experiment and the prediction of an integral of the 
maximum pressure at each radii with respect to area. 
 
 
Fig 7. 8 The Number of Droplets and the Power across Boundary Line between Regions 1 
and 2 for Tap Water plotted against Water Depth above the atomizer 
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Fig 7. 9 The Number of Droplets and the Integral of Pressure across the Disk Radius at the 
Atomizer Height for Tap Water plotted against Water Depth above the atomizer 
 
 
 
Fig 7. 10 The Number of Droplets and the Integral of Maximum Pressure across the 
Geometry for Tap Water plotted against Water Depth above the atomizer 
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As can be seen from figs 7.9 and 7.10, the model predicts the maximum value at 
35 mm water depth for both integral of both pressure along ZA and the maximum 
pressure at each radius. The trends are similar to the previous acoustic properties 
mentioned. 
 
After considering all parameters, it seems that all parameters have peaks at 35 
mm water depth above the atomizer, which correspond to the maximum number 
of droplets detected by the PDA. The predicted peaks in each graph are sharper 
and narrower compared with the experimental peaks. This could be a result of 
viscosity, which we did not include in our mathematical model. We expect that if 
we consider the viscous effect, it could bring the predicted peaks down and 
broaden the peaks. Additionally, for the predicted results we do not include all 
the decay effects; especially for large water depth. In reality the acoustic waves 
will decay as they travel further away from the sound source. Therefore, we 
would see from the experimental results that after the peaks the graph always go 
down, in contrast to this the predicted results may also have another small peak 
after the maximum peak at 35 mm water depth. 
 
There might be some errors that occurred in the experiments, which would cause 
them to differ from the predicted results. First, the water depth might not be very 
accurate; it could be more or less by very small difference. As we know the 
acoustic waves are very sensitive, especially for the high frequency ones. 
Because an acoustic wavelength is very short, a small change in water depth 
could affect the acoustic properties if the change is larger than the acoustic 
wavelength. As a result, the experimental plot might not be at the exact same 
depth as we could do in the predicted results and also there might be fluctuations 
inbetween each depth tested. Therefore, it is better to plot the graph as a scatter 
plot instead of a continuous line connecting all the dots. If we could do more 
tests with a depth difference less than 1 mm, which is very difficult, we could 
then use a line graph in the plots. Nevertheless, we still plot line graphs because 
they emphasize the peaks and make more easily compared. 
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Secondly, because of a sensor, a commercial atomizer will stop working if the 
water depth is less than 10 mm above the atomizer. This is to prevent 
overheating on the disk surface, leading to severe damage to the piezo ceramic 
element. A higher temperature over its Curie point can depolarize the disk and 
make the disk unable to compress and expand. Thus it is essential to keep the 
water at10 mm or above.  In addition, when the atomizer is in operation the water 
depth could be reduced because of the local droplets. As a result, for the 
experiments of 10 mm, the water depth might sometimes be slightly more than 
10 mm. 
 
We still need to confirm that all parameters could give us good correlations with 
the number of droplets produced by checking with other experiments. In our 
study there are some more experiments that could help to find which parameter 
gives the best correlation to the number of droplets generated. In the next section 
we present the results for the effect of liquid temperature on the number of 
droplets by comparing the predicted results and the experimental results.  
 
7.4.  Effect of Temperature 
 
We now study the mathematical model with different liquid media. The 
temperature of the liquid medium can affect the speed of sound, which then 
alters the acoustic properties of the liquid medium. We decided to study the 
liquid media with different temperatures; cold water (14° C) and hot water (46° 
C). Their properties can be found in Table 4.2 in chapter 4; speed of sound is 
higher at high liquid temperatures than in low liquid temperatures. We therefore 
can see the effects of temperature on the acoustic properties from testing these 
three different temperatures of liquid media. We start with the cold water. 
Similar to the tap water, we illustrate the comparisons between all parameters 
with the measured number of droplets. We begin with the predicted maximum 
pressure in regions A and C shown in fig 7.1. Secondly, we study the two 
velocities: the real part of the axial velocity and the velocity magnitude. Thirdly, 
we investigated the acoustic power transferring from the disk region and the 
integral of both pressure and the maximum pressure at each radii over a small 
area of the considered radius. 
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7.4.1. Cold Water 
Fig 7.11 illustrates the acoustic absolute pressure inside regions A and C shown 
in fig 7.1. The measured data is the blue line and the pressure in regions A and C 
are the red and green lines, respectively. There are two peaks for the maximum 
pressure inside region A; the highest one is at 40 mm depth and the second peak 
is at 20 mm depth. For region C, the maximum pressure trend also has two 
peaks; one is also at 40 mm depth and another peak might be at 10 mm depth or 
lower. The peak for the central region is very narrow and sharp, compared with 
the other two data; the measured data and the predicted pressure in region C. 
Again the narrower and deeper predicted peak in region A is caused by the lack 
of viscosity in the mathematical model also the acoustic waves could achieve its 
resonance inside region A; this is why the pressure is significantly higher than 
the pressure inside region C. 
 
For both regions, the velocity peaks are at 40 mm depth as seen in fig 7.12. The 
maximum velocity in the central region also has another peak, which is almost 
the same in magnitude as the maximum peak, at 20 mm depth. Again the peak of 
maximum velocity in the central area has a narrower width than the measurement 
peak. In addition, the maximum velocity in central region is much higher than 
the maximum velocity in region C; this indicates that the acoustic waves could 
reach its resonance in the central region. 
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Fig 7. 11 The Number of Droplets and the Absolute Acoustic Pressure for Cold Water 
plotted against Water Depth above the atomizer 
 
 
 
Fig 7. 12 The Number of Droplets and the Real Part of Acoustic Axial Velocity for Cold 
Water plotted against Water Depth above the atomizer 
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Fig 7. 13 The Number of Droplets and the Velocity Magnitude for Cold Water plotted 
against Water Depth above the atomizer 
 
 
Figure 7.13 illustrates the comparison between the acoustic velocity magnitude 
in two regions A and C. Again the velocity magnitudes in both regions have the 
same trends as the acoustic pressure in the same region. For region A, the two 
peaks of velocity magnitude still occur at the same depths; the peak at 20 mm 
depth is significantly lower than the peak at 40 mm depth. The trend of velocity 
magnitude in region C is very similar to the acoustic pressure in the 
corresponding region. 
 
We now consider the acoustic power transferred across the boundary between 
regions 1 and 2 as shown in fig 3.1. The comparison between the acoustic power 
and the number of droplets detected is shown in fig 7.14 a). There are two peaks 
for the predicted power; one is at 20 mm depth and another one is at 40 mm 
depth. The second peak corresponds to the experimental peak. If we re- scale the 
graph by matching the experimental peak as shown in fig 7.14 b), then the 
agreement is excellent apart from the magnitude of the predicted small peak, 
which is significantly higher than the measured results. 
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                 a) 
 
      b) 
Fig 7. 14 The Number of Droplets and the Power across Boundary Line between Regions 1 
and 2 for Cold Water: a) Before scale b) After scale both Graphs  
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Fig 7. 15 The Number of Droplets and the Integral of Pressure across the Disk Radius at 
the Atomizer Height for Cold Water plotted against Water Depth above the atomizer 
 
 
Fig 7. 16 The Number of Droplets and the Integral of Maximum Pressure across the 
Geometry for Cold Water plotted against Water Depth above the atomizer 
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Fig 7.15 illustrates the comparison between the measured number of droplets and 
the integral of pressure along the ZA plane over a small area. There are two 
peaks; the maximum peak occurs at 20 mm depth and the smaller peak occurs at 
40 mm depth. Although the maximum peak of the integral of predicted pressure 
shifts away from the experimental peak, the second peak of the prediction does 
correspond to the experimental peak. 
 
Fig 7.16 presents the comparison between the measured number of droplets and 
the integral of predicted maximum pressure at each radius from the centre to the 
container. This parameter still provides a good correlation to the number of 
droplets detected. The maximum peak is located at the 40 mm depth, similar to 
the experimental result. The predicted peak is significantly narrower and deeper 
than the experimental peak. 
 
In conclusion for the cold water, the predicted pressure and velocities still have 
good correlations with the measured number of droplets. The model gave 
excellent correlations with the experimentally measured peak number of droplets 
in both regions for both of acoustic pressure and velocities. In contrast to this, the 
acoustic power and the integral of acoustic pressure along the ZA have different 
trends to the measured number of droplets. Only the trend of the integral of the 
maximum pressure at each radius compares well with the experimental result. 
However, the integral of the maximum pressure at each radius from the centre to 
the container wall is the least possible among the other parameters because we 
integrated the maximum pressure over small area ignoring the height of its 
location. As a result, the integral of the maximum pressure at each radius might 
be at a different height, leading to a discontinuous force on the water surface. We 
therefore decided not to consider the acoustic power and the integrals of both 
acoustic pressure and the maximum pressure at each radius for the next 
investigated liquid media. 
 
 
 
 
 
  
 
239 
7.4.2. Hot Water  
We now look at the acoustic properties of hot water at 46° C. From the previous 
section, only the acoustic pressure and velocities are considered and compared 
with the experimental results for hot water. We first start with the acoustic 
pressure compared with the measured number of droplets shown in fig 7.17. To 
be clearly seen, we illustrate the comparison between the experimental result and 
the acoustic pressure inside region A in fig 7.18. The maximum absolute acoustic 
pressure inside region C has a peak at 40 mm depth, giving remarkable 
agreement with the experimental peak. However, the predicted peak is very 
narrow and sharp. From fig 7.18, the maximum absolute pressure trend in region 
A is broader and matches the experimental result more closely except that the 
prediction at 10 mm has very high value compared with the experimental value. 
This could also be caused by an error caused by of the sensor that makes us keep 
water level higher than 10 mm.  
 
 
Fig 7. 17 The Number of Droplets and the Absolute Acoustic Pressure for Hot Water 
plotted against Water Depth above the atomizer 
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Fig 7. 18 The Number of Droplets and the Absolute Acoustic Pressure inside the Central 
Region for Hot Water plotted against Water Depth above the atomizer 
 
 
 
Fig 7. 19 The Number of Droplets and the Real Part of Acoustic Axial Velocity for Hot 
Water plotted against Water Depth above the atomizer 
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Fig 7. 20 The Number of Droplets and the Velocity Magnitude for Hot Water plotted 
against Water Depth above the atomizer 
 
The next parameter that we investigate is the acoustic velocity, which is 
separated into two parameters; the real part of axial velocity and velocity 
magnitude. The maximum real part of the axial velocity trend is compared with 
the number of droplets detected in fig 7.19 for both regions A and C. It is clearly 
seen that the maximum real part of the axial velocity trend inside region C is 
rather different from the experimental trend. There are three peaks and none of 
the peak occurs at 40 mm where the experimental peak is located. Unlike the 
trend in region C, the maximum real part of the axial velocity trend in region A 
has two peaks and one of them occurs at 40 mm depth. The same is true for 
velocity magnitude trend shown in fig 7.20; the two predicted values in both 
regions have exactly the same pattern as the trends for the real part of axial 
velocity. 
 
To conclude for the hot water, the predicted peaks are significantly broader. The 
acoustic trends reach their peak at 40 mm depth, which corresponds to the 
experimental value except that there is another higher peak at 10 mm depth. It 
might be because of an inaccurate water level at 10 mm, since we were required 
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to keep water depth at least 10 mm or higher in order to keep the atomizer 
running. It is a good sign that the predicted peak is broader for the hot water 
because if we add the viscous effect in our mathematical model, it should not 
make any difference. This is because at high temperature the viscosity should 
have less effect. The acoustic properties in region A provide better correlations 
than the acoustic properties in region C. We thus decide to study only the 
acoustic properties in side region A, where the acoustic fountain is generated for 
the remaining investigated liquid media. 
 
7.5.  Effect of Salinity 
 
Having studied the effect of liquid temperature to the acoustic waves in the 
previous section, in this section we study the effect of salt in water on the 
acoustic waves. The main objective is to study seawater, which has 3.5% of salt 
by volume. Since we could not obtain ‘real’ seawater, we had to mix the salt-
water by ourselves, leading to a possibility of inaccurate salinity. However, we 
then ensure this study is reasonable by investigating different percentages of 
salinity. All the results are shown later on in this section. 
 
7.5.1. Salt Water 3.5%  by Volume 
In this section the liquid medium presented is the salt water with 3.5% by 
volume. We used 3.5% because we would like to mimic the properties of 
seawater. Since our initial aim was to alleviate global warming by atomization of 
seawater up to the atmosphere. The droplets of seawater evaporate and leave the 
salt crystals acting as a cloud condensation nucleus. As a result, this process will 
enhance more cloud, leading to more UV radiation reflected back to the space. 
The properties of 3.5% salt water are shown in chapter 4. From the previous 
section, the acoustic pressure and velocities inside region A have better 
correlations to the measured number of droplets than the acoustic properties 
inside region C. We then consider only the acoustic properties inside region A. 
We start with the maximum acoustic pressure followed by the acoustic 
velocities; the maximum real part of axial velocity and maximum velocity 
magnitude. 
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Fig 7. 21 The Number of Droplets and the Absolute Acoustic Pressure for Salt Water 
plotted against Liquid Depth above the atomizer 
 
 
Fig 7. 22 The Number of Droplets and the Real Part of Acoustic Axial Velocity inside the 
Central Area for Salt Water plotted against Liquid Depth above the atomizer 
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Fig 7.21 illustrates the maximum acoustic pressure inside region A, the central 
area, compared with the measured number of droplets. There are three peaks for 
the predicted value; the highest one is located at 50 mm depth followed by 35 
mm depth and 25 mm depth. The middle predicted peak occurs at the same 
location of the experimental peak. The experimental peak is significantly broader 
and shorter as in previous studies. 
 
Next we study the maximum real part of axial velocity inside region A. The 
predicted peak is very narrow and deep, compared to the experimental peak. The 
predicted peak does not locate at the same depth as the experimental peak. This 
comparison is shown in fig 7.22. 
 
 
Fig 7. 23 The Number of Droplets and the Velocity Magnitude inside the Central Region for 
Salt Water plotted against Liquid Depth above the atomizer 
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The last parameter studied for the salt water is the maximum velocity magnitude. 
Its comparison with the measured number of droplets is illustrated in fig 7.23. 
Similar to the predicted pressure, there are three peaks; the highest peak is 
located at 50 mm depth followed by 35 mm and 25 mm depth. One thing we 
notice is that the trends of predicted maximum velocity magnitude and predicted 
absolute pressure are very similar. Therefore, we choose to present only the 
predicted maximum pressure inside region A as it provides the best correlation to 
the number of droplets for all the liquid media investigated so far. 
 
7.5.2. Different Salinity 
Even though the predicted value for salt water 3.5% by volume having a good 
correlation with the experimental result, there was another higher peak in its 
trend. We postulated that it could be caused by the inaccuracy of the percentage 
of salinity; hence we decided to investigate the effect of percentage of salinity on 
the acoustic waves. Since it is very difficult to make salinity accurate in 
percentage, we only studied the predictions of the acoustic pressure for different 
percentage of salinity; 3.1% to 3.7% by volume; increased by 0.1% at each step. 
Unlike the analytical study, the experimental salinities would not have errors of 
more than 0.2% if we prepare a large volume. We therefore experimentally study 
the different percentages of salinity; 2% to 3%, increasing by 0.5% each step. 
We also tried to reduce the error from mixing the salinity by testing the 
experiments several times and each time we used newly prepared salt water. 
Then the acoustic pressure could be easily predicted by our mathematical model 
for these percentages of salinity in order to compare with the experimental data. 
The main aim is to study how sensitive the acoustic properties are to change in 
the percentage of salinity. The properties of salinities at 3.1% to 3.7%, applied in 
the prediction model are shown in table 7.1 and the predicted results are shown 
in fig 7.24 a) - d). 
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Percentage of Salinity Density (kg/m3) Speed of sound (m/s) 
2.0% 1012.86 1510.42 
2.5% 1016.6 1515.89 
3.0% 1020.4 1521.37 
3.1% 1021.1 1522.47 
3.2% 1021.9 1523.57 
3.3% 1022.7 1524.67 
3.4% 1023.5 1525.77 
3.5% 1024.2 1527 
3.6% 1024.98 1527.97 
3.7% 1025.74 1529 
Table 7. 1 Properties of Salinity used in the prediction 
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      b) 
 
 
         c) 
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      d) 
Fig 7. 24 The Predicted the Absolute Acoustic Pressure for Different Percentages of 
Salinity: a) 3.1% b) 3.2% and 3.3%, c) 3.4% and 3.5% and d) 3.6% and 3.7% 
 
In order to show the trends more clearly, we plot a scatter plot with a spline fit 
curve in figure 7.24. Clearly the percentage of salinity has a significant effect on 
the acoustic pressure. The acoustic pressure trends varied with the percentage of 
salinity. The trends of 3.2% and 3.3% are similar but different in magnitude as 
shown in fig 7.24 b). The same is true for 3.4% and 3.5% and also for 3.6% and 
3.7% as shown in figs 7.24 c) and d), respectively. For 3.2% and 3.3% salinity 
trends, there are two large peaks at about 30 mm depth and 40 mm depth. The 
bottom peaks are located at 35 mm depth. For the 3.4% and 3.5% trends, there 
are two peaks; the medium peaks are located at 35 mm depth and another peak 
for both of them occurs at 50 mm depth. For 3.6% and 3.7%, the peaks are 
located at 25 mm depth. According to these predicted values, we can conclude 
that the acoustic properties are very sensitive to the percentage of salinity; 
however, the differences will occur if the change in the percentage of salinity is 
more than 0.2%. We therefore have to be sure that our percentage of salt in the 
water falls in between 3.4% - 3.5%. The trend of 3.4% salinity is closer to the 
experimental trend than the trend of 3.5% because the predicted value at 50 mm 
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depth for 3.4% is slightly lower than another peak at 35 mm depth. It would be 
better if we could experimentally study all the different percentages of salinity in 
order to compare with the predicted results. As already mentioned, it is difficult 
to mix the salinity accurately within 0.1% difference. We investigated different 
percentage of salinity from 2% to 3.5% by increasing 0.5% each step for both the 
experimental and predicted study. The properties used in the calculation are 
illustrated in the table 7.1 and the predicted results are shown in fig 7.25 whilst 
the comparisons between the experimental results and the predicted results are 
shown in figs 7.26-7.28.  
 
All of the trends are very different from each other. The 3% salinity trend is 
unique because it is the only one that has a minimum while the others have at 
least one peak. However, all the peaks occurs at different locations; the peaks of 
2%, 2.5% and 3.5% are located at 30 mm, 35 mm and 35 mm, respectively. The 
minimum for 3% salinity is located at 40 mm depth. 
 
 
Fig 7. 25 The Predicted Droplet Size Distributions for Different Percentages of Salinity 
plotted against Liquid Depth above the atomizer 
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Fig 7. 26 The Number of Droplets and the Absolute Acoustic Pressure for 2% Salt Water 
plotted against Liquid Depth above the atomizer 
 
 
Fig 7. 27 The Number of Droplets and the Absolute Acoustic Pressure for 2.5% Salt Water 
plotted against Liquid Depth above the atomizer 
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Fig 7. 28 The Number of Droplets and the Absolute Acoustic Pressure for 3% Salt Water 
plotted against Liquid Depth above the atomizer 
 
Fig 7.26 illustrates the comparison for 2% salinity. The graph gives excellent 
agreement with the peaks at the same location and the trends of both data are 
almost the same. The difference is that the predicted peak is much narrower than 
the experimental peak, a common difference we have seen with all our 
predictions. The comparison for 2.5% salinity is illustrated in fig 7.27. Again the 
results are encouraging the peaks are located at 35 mm depth for both data sets. 
For this percentage, the widths of the peaks are almost the same size. However, 
the experimental values at 20 mm and 50 mm depth are much lower than the 
predicted values. The result of the last percentage, 3.0%, studied is shown in fig 
7.28. Again the comparison shown is quite good because the predicted trend and 
the experimental trend now have minima at a depth of 40 mm. The experimental 
minimum is significantly broader than the predicted minimum. Both the 
experimental and predicted values for all three different percentages of salinity 
are plotted together in fig 7.29. 
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Fig 7. 29 The Number of Droplets against the Absolute Acoustic Pressure for Salt Water 
plotted against Liquid Depth above the Atomizer 
 
 
 
Fig 7. 30 The Number of Droplets and the Absolute Acoustic Pressure for Salt Water 
plotted against Liquid Depth above the Atomizer 
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Fig 7.29 presents both experimental and predicted values for all percentages of 
salinities. The comparison for 3% gives the best correlation because they both 
have almost the same scale. In contrast, if we rescale the comparisons of 2% and 
2.5% to be matched, then the predicted value of 3% will be very high as shown 
in fig 7.30. This could also be caused by the viscous effects, the higher 
percentage of salinity, the higher viscosity. Therefore, the 3% salinity would be 
affected the most if we include the viscosity effect in our mathematical model; as 
a result, the predicted pressure will be brought down. We also add the predicted 
data of 3.4% and 3.5% and the experimental data for 3.5% to the graph in fig 
7.30. We then re-scale the new plot and show in fig 7.31.   
 
 
Fig 7. 31 Comparisons between Experimental and Predicted Results for Salt Water plotted 
against Liquid Depth above the Atomizer 
 
From fig 7.31, we found that if we take the viscous effect and all the graphs are 
re-scaled until the predicted values are lined up above its experimental value 
with the corresponding percentage. Then the predicted value of 3.4% salinity is 
considerably lower than the experimental data. In contrast, the prediction for 
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3.5% salinity is significantly higher than the experimental data. Thus, we can 
conclude that our first experimental salt water had 3.5% of salt by volume. The 
highest peak at 50 mm depth for the predicted value could be caused by a lack of 
losses in our mathematical model. According to fig 7.24, the predicted trends of 
3.6% and 3.7% are significantly lower than other predicted trends. If what we 
expect from the effect of viscosity is true, then the experimental number of 
droplets detected for 3.6% and 3.7% salinity should be considerably lower than 
the number of droplets for 3.5% salinity. 
 
From the study of the effect of different percentages of salinity on the number of 
droplets generated in figs 7.26 – 7.28, the 3% of salt water by volume has a 
unique pattern compared with other percentage of salinity results. The 3% of salt 
water has a minimum while other percentages have maximum. We therefore 
studied the properties of salinity with different percentages, which could affect 
the characteristics of the spray. The salinity properties: Dynamic viscosity, 
surface tension and electrical conductivity, are listed in table 7.2. It is clearly 
seen that all properties have linear relations to the percentage of salinity; 
therefore they all cannot cause the difference seen in the result of salt water with 
3%. Thus the reason for the inconsistency in the results is still unknown.  
 
In conclusion so far, the acoustic parameter that provides the best correlation to 
the number of droplets is the predicted maximum absolute pressure inside region 
A, the central area. However, there is another important parameter to be studied; 
it is the effect of the atomizer design. The only parameter we studied is the 
frequency of vibration, which is very important because it is directly related to 
the acoustic wavelength. This is to present in the next section. 
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% Salinity 
Dynamic 
Viscosity       
(Pa#s) x10-3 
Surface tension 
(mN/m) 
Electrical 
conductivity 
(S/m) 
2.0% 1.043 73.25 2.9 
2.5% 1.053 73.35 3.54 
3.0% 1.063 73.44 4.17 
3.1% 1.065 73.46 4.29 
3.2% 1.067 73.475 4.42 
3.3% 1.07 73.49 4.54 
3.4% 1.072 73.505 4.66 
3.5% 1.074 73.515 4.79 
3.6% 1.076 73.53 4.91 
3.7% 1.078 73.545 5.03 
Table 7. 2 The Properties of different Percentage of Salinity 
 
7.6.  Effect of Design 
 
As already mentioned in chapter 5, the modified atomizer was made with a 
flexible control of frequency of vibration and supplied voltage. The disk used 
was thinner than the disk used in the commercial atomizer. The approximate 
resonance frequency was calculated from the disk material and thickness. Since 
we do not know the type of the disk material, we assumed its properties to enable 
us to calculate the resonance frequency. The calculated frequency was 2.24 
MHz; therefore, we chose the frequency range of 2.2 -2.36 MHz to be studied 
and varied it by 0.02 MHz. From Chapter 6, the experimental results found that 
at 2.24 MHz the atomizer generates the maximum number of droplets. Hence we 
chose this frequency to be investigated with our mathematical model and the 
operating conditions are shown in Table 7.3. Since the modified atomizer was 
operated in a very large tank with a diameter of 330 mm, the number of cut on 
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modes are very large as well in regions 2 and 3. The last cut on mode for each 
region is shown in table 7.4. 
 
Disk Radius Rd 0.006       m 
Atomizer Radius RA 0.02         m 
Container Radius RB 0.165       m 
Level of Disk Zd 0.029     m 
Atomizer Height ZA 0.031     m 
Atomizer Base Level Zbb 0             m 
Frequency of Vibration f 2.24  MHz 
Max Amplitude of Vibration amp 8x10-8 m 
Table 7. 3 Dimension and Characteristics of the Modified Atomizer and the Container 
 
 
Region 1-n 2-p 3-q 
No. of cut-on mode 18 499 400 
No. of terms used 18 332 166 
Table 7. 4 Table of the Cut-off Modes for each Region for the Modified Atomizer 
 
 
First we had tried the actual number of cut on mode for every region. We then 
encountered a problem with computer storage; we had reached the limit of the 
system. Therefore, we chose to use the maximum number of terms, increased by 
the same proportion as we used for the tap water with the commercial atomizer, 
that the computer storage could handle. We know that it does not include all cut 
on modes; however we still wanted to try so the maximum number of terms used 
becomes as shown in table 7.2. We investigated only the absolute pressure inside 
region A, since it was shown that it provides the best correlation to the number of 
droplets in the previous section. The comparison between the experimental 
number of droplets and the predicted maximum absolute pressure is shown in fig 
7.32.  
  
 
257 
As can be seen from fig 7.32, the model gave an excellent correlation between 
the number of droplets and the predicted maximum pressure inside region A. 
Both trends gave peaks at the same depth, 40 mm and the second peaks seem to 
occur at the same depth, 20 mm. However, the predicted peak is only half the 
width of the experimental peak, which could also be caused by a lack of the 
viscosity effects in the mathematical model. 
 
 
Fig 7. 32 The Number of Droplets and the Absolute Acoustic Pressure for the Modified 
Atomizer plotted against Liquid Depth above the Atomizer 
 
7.7. Conclusion 
 
After investigates all interesting parameters, the acoustic pressure, the velocity, 
the power and the integral of pressure, the experimental and the predicted results 
indicate that the maximum absolute pressure inside region A, the central region 
as shown in fig 7.1, provides the best correlation for the measured number of 
droplets generated by the atomizer. The model gave an excellent prediction of 
liquid depth causing the atomizer to generate the most number of droplets by 
looking at the maximum pressure inside region A. Even though the model can 
predict where the peak is, the whole trend of the maximum pressure is not 
(*'"""%
(*&"""%
(*$"""%
((""""%
((("""%
(('"""%
((&"""%
(($"""%
(+""""%
"%)"%
*""%*)"%
(""%()"%
+""%+)"%
'""%')"%
)""%
"% *"% ("% +"% '"% )"% &"% ,"%
+
8
4)
$7
("
%#
/)
7
4(
-/
%&
'"
44
7
'"
%1
:
#5
%
9
<
"%
2
"#
47
'"
;
%E
7
2
8
"'
%)
*%;
')
&
$"
(4
%
=->7-;%?"&(<%#8)@"%(<"%+()2-A"'1225%
K95CB:9J9@8%%F5OC%
  
 
258 
exactly the same as the measured number of droplets. The difference between the 
predicted and the experimental values can be caused by an inaccurate liquid level 
or a lack of the losses in the mathematical model. Mostly the predicted maximum 
pressure trends have a narrower peak and this could be because we did not 
include viscous effects in the model. We expect that if we were to include the 
viscous effects, the maximum pressure peak should be broader and slightly 
lower.  
 
More work needs to be done to confirm that our model can give an excellent 
prediction of the number of droplets generate. Additionally, some extra work can 
improve our model in order to obtain better results. In the final chapter, we 
include interesting further work that could be done and we conclude what can be 
learnt from the study.  
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Chapter 8  
           
Conclusion and              
Future Work 
 
 
 
 
In the preceding chapters of this thesis we presented the objective, theory and 
background, analytical study and experimental study of the performance of 
ultrasonic atomizers. In this chapter we present the conclusions and 
recommendations future work. The conclusions we draw from this thesis are 
presented in section 8.1; with the future work presented in section 8.2. 
 
8.1. Conclusion 
 
In our research we originally aimed to alleviate the problems of global warming 
by enhancing more clouds in order to reflect more UV radiation back to space. 
To enhance more clouds, the atomization of seawater was proposed as a possible 
method. The more seawater droplets generated, the more cloud condensation 
nuclei increase. The ultrasonic atomizer was chosen to be the atomization device. 
The droplet size and the number of droplets are crucial. We require droplets at a 
certain size and the more droplets generated, the more UV radiation reflects 
back. Therefore we need to study the characteristics of the spray, especially the 
droplet size and the number of droplets. Then we could optimize the atomizer in 
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order to obtain the maximum number of droplets with a certain diameter. To 
characterize the spray, we used a Phase Doppler Anemometry to detect the 
droplet size, droplet velocity and number of droplets at the location of 30 mm 
above the tip of the fountains.  
 
The disk of the atomizer vibrates, leading to generation of sound waves 
travelling through the liquid medium. As we know, sound waves are very 
sensitive to other parameters; for example, liquid medium in which they travel as 
well as the liquid depth. The sound waves are affected by the frequency and 
amplitude of vibration. These parameters could alter the sound waves, and then 
the characteristics of the spray are affected. We therefore chose to 
experimentally study several parameters, which could be influential to the 
characteristic of the spray. 
 
Two atomizers with different frequencies obviously produce different droplet 
sizes; the higher frequency atomizer generates smaller droplets. The droplet size 
is in inverse proportion to the excitation frequency, corresponding to Lang’s 
equation [Lang, 1962]. Not only the frequency but also the liquid properties 
(density and surface tension) are also influential to the droplet size. Again the 
experimental result agrees well with Lang’s equation; the droplet size is 
proportional to the ratio of surface tension and density of the liquid medium 
which corresponding to its viscosity. 
 
However, there is no theorem or empirical study relating the number of droplets 
to other parameters. For the commercial atomizer operating with the same 
conditions except the liquid depth; the number of droplets still varies with the 
liquid depth. Then we can be sure that the number of droplets is dependent on the 
acoustic waves. We then studied the supplied voltage, which directly affects the 
amplitude of vibration. The amplitude of vibration only alters the magnitude of 
acoustic properties by the same fraction for all liquid medium particles. The 
higher the supplied voltage, the more droplets generated and the smaller the 
droplets obtained. This indicates that the higher acoustic properties could relate 
to greater number of droplets. It leads us to an analytical and numerical study of 
the acoustic waves for all acoustic properties.  
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We constructed a mathematical model corresponding to our experimental 
geometry and operating parameters. The boundary conditions are applied to the 
mathematical model in order to make the results more realistic. From the 
experimental study, we concluded that the higher acoustic properties contributes 
to the higher number of droplets, we therefore related the measured number of 
droplets to the maximum value of the acoustic properties. In predictions using 
the mathematical model, the number of terms used in the model is very important 
because we are dealing with high frequency acoustic waves. We need to include 
all effective wave modes in the predictions in order to obtain more accurate 
results. Due to a limited amount of computer storage, we included the last wave 
mode that the program can handle. The more terms that were included, especially 
when the number of terms is close to the first cut-off mode, the better the 
convergence. However, the higher order modes tend to give the small values to 
the matrix, leading to a zero determinant. Therefore, the number of terms used is 
required to be enough to make the result converging but it cannot exceed a 
certain value that make the matrix singular. 
 
Comparison between the experiments and the predictions shows the maximum 
acoustic pressure relates to the number of droplets generated by the atomizer. 
The results show that the maximum acoustic pressure gives the best correlation 
with the measured number of droplets. However, both trends are not exactly 
equal yet; what we observed is that the predicted peaks are always higher and 
narrower than the experimental peaks. This is because there are no losses 
included in the mathematical model. In reality the viscous effects could slow 
down the droplet breakup. If the viscous effects are included, it should bring the 
peaks down and broaden the peaks. 
 
In conclusion, different ultrasonic atomizers could generate different droplet 
sizes, if either the atomizer design is different or different liquid media are used. 
The same is true for the number of droplets; it depends on both the atomizer 
design and the liquid medium. The number of droplets generated also depends 
upon the liquid depth. 
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Our mathematical model predicts the maximum acoustic pressure well, which 
then can relate to the number of droplets. However, we are still not able to 
convert the predicted maximum pressure to the number of droplets generated. 
However, this does enable us to optimize the atomizer in order to obtain the 
maximum number of droplets. What we need to do is optimize the atomizer by 
our mathematical model for different conditions and then we compare it with the 
experimental results. Unfortunately there was insufficient time to complete this 
and so it is suggested for future research. There are several tasks, which can be 
done in the future and are explained in more detail in the next section. 
 
8.2. Future Work 
 
In this section we give suggestions for future work. There are several interesting 
investigations that could be done for both experimental and analytical topics. For 
example, as in this research the modified atomizer failed and due to the time 
constraints, we were not able to repair it in time. Therefore, the experimental 
data are not confirmed to be repeatable; it would be beneficial for the tests to be 
repeated to give results, which we can trust within a tight 95% confidence 
interval. In addition, there is some more experimental work that could be done 
together with the analytical work, which we will classify into two categories and 
explain next. 
 
8.2.1. Numerical and Analytical Work 
In this research we already constructed the mathematical model, which predicts 
the acoustic pressure corresponding to the number of droplets generated well.  
We have not undertaken any optimization of the ultrasonic atomizer yet. 
Therefore, first we would suggest the work on the optimization of the ultrasonic 
atomizer by using our mathematical model. However, our mathematical model 
could only predict when the maximum number of droplets could be obtained. 
However, our results show that this is likely to give the optimal conditions but 
not the tolerance required. We expect that this could be because we did not 
include the viscous effects in our model. Therefore, the predicted results could be 
more accurate, if we include the viscous effects. Such an extension to the model 
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is likely to reduce the Q factor and this gives broader peaks, just as seen in the 
experiment. 
 
Another problem we encountered was the limit of computer storage, leading to 
the limit of number of wave modes included in the prediction. Thus, it would be 
better if we could try running the mathematical model with a higher computer 
storage. We expect to be able to use more wave modes. If it was also possible to 
increase the accuracy at which the matrix coefficients are stored, then the 
determinant of the matrix could get closer to zero without compromising 
accuracy. Finally, work to directly relate the maximum acoustic pressure to the 
number of droplets generated would be beneficial.  
 
8.2.2. Experimental Work 
Since our modified atomizer failed and it could not be repaired within time; we 
did not have a chance to repeat all the experiments for the modified atomizer. We 
therefore recommend experimentally studying the modified atomizer and testing 
at both higher and lower frequencies. The difference in frequency needs to be at 
least 0.5 MHz, based upon our findings.  
 
Once the model has been used to optimise the atomizer as suggested in 8.2.1., it 
would clearly be beneficial to test this optimisation experimentally. As a result, 
the mathematical model could be adapted to accurately predict the acoustic 
properties by introducing empirical factors, especially in relating the acoustic 
pressure to the number of droplets generated. 
 
Lastly, despite finding the best droplet size distribution model to use for this type 
of atomizer, it is still dependent on some other parameters as mentioned in 
section 6.5.  It would be really helpful to obtain the appropriate coefficient for 
this prediction model. This would give the best prediction model that we can use 
to predict the droplet size distribution for atomizer design and any liquid media 
used. This can be done by using our existing experimental droplet size 
distributions and the predicted droplet size distributions from the Nukiyama & 
Tanasawa model given in chapter 6. 
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